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As Neotropical migratory birds, Prothonotary Warblers are exposed to parasites in 
both tropical and temperate regions and may act as dispersal agents between geographic 
areas.  This study identifies the prevalence of Haemosporidia, West Nile Virus (WNV), 
and St. Louis Encephalitis virus (SLEV) in this species.  A total of 71.6% of captured 
Prothonotary Warblers were infected with Haemosporidia during the 2008 breeding 
season, and infection prevalence increased throughout the season.  This temporal change in 
   
 xiv
prevalence is likely due to infection relapse and transmission of new infections.  No 
correlations between reproductive effort and infection status were observed, nor were any 
associations between infection prevalence and nest box location identified.  WNV and 
SLEV were present in 37.5% and 6.3% of sampled Prothonotary Warblers, respectively.  
These results warrant more detailed analyses of pathogen transmission dynamics in this 
population, physiological mechanisms that affect infection susceptibility, and spatial and 
temporal trends in infection that may exist. 
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CHAPTER 1 
Intraseasonal Variation of Haemosporidia in Prothonotary Warblers 
(Protonotaria citrea) and the Relationship between Infection  
Prevalence and Reproductive Success 
 
INTRODUCTION 
Vector-borne diseases, in conjunction with global climate change and land-use change, 
pose major threats to many wildlife species.  It has been suggested that migratory species may be 
exposed to a wider variety of pathogens than non-migratory species since they span a larger 
geographic area and spatially coincide with a wider array of vector species (Garvin et al. 2006; 
Møller and Erritzøe 1998).  As a result, studies of Neotropical migrants can provide information 
on both the effect of disease on individual populations, as well as the spatial and temporal 
aspects of disease transmission caused by movement of migratory hosts. 
Protozoan Parasites 
Protozoans responsible for avian malaria are a common group of infectious agents that 
parasitize avian hosts (Garvin et al. 2006).  Specifically, Apicomplexans of the genera 
Haemoproteus and Plasmodium (Order:  Haemosporidia; Family:  Plasmodidae) are commonly 
found in passerine species (Hellgren et al. 2004).  As of 2005, 206 species of Haemosporidia 
were documented to infect avian hosts, and of all orders of birds that have been examined, the 
Passeriformes are hosts to the largest number of Haemosporidia species (86 species, 63 of which 
are Haemoproteus spp.; Valkiūnas 2005).  ‘True flies’ of the order Diptera are responsible for 
the transmission of these parasites between avian hosts (Atkinson and Van Riper 1991).  
Plasmodium is transmitted by Culicidae mosquitoes of the genera Culex, Aedes, Culiseta, and 
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Anopheles (Valkiūnas 2005) and Haemoproteus is transmitted by louse flies (Hippoboscidae) 
and biting midges (Ceratopogonidae; Ricklefs et al. 2005a). 
Plasmodium and Haemoproteus have very similar life cycles (Figure 1).  They undergo 
asexual reproduction (schizogony) and form precursors of gametocytes (gametogony) in the host.  
Sexual reproduction, followed by additional asexual reproduction (sporogony), occurs within the 
vector.  The parasites are transmitted from the vector to the host via saliva in the form of 
sporozoites.  They then invade either erythrocytes (Plasmodium) or non-circulating cells (i.e. 
endothelial, liver, or spleen cells, Haemoproteus or Plasmodium) and undergo schizogony to 
produce merozoites.  The merozoites then invade other cells and continue to reproduce 
asexually, or they remain in the bloodstream and develop into gametocytes (gametogony; 
Valkiūnas 2005).  While Plasmodium can undergo schizogony in both erythrocytes and non-
circulating cells, Haemoproteus can only undergo schizogony in tissue, thus no asexual 
reproduction occurs in erythrocytes (Atkinson and Van Riper 1991). 
There are multiple phases of infection once a protozoan has been introduced to the host.  
First, the prepatent period occurs, where presence of the parasite cannot be detected in the 
peripheral blood.  For Haemoproteus, this stage lasts from 11 to 21 days.  For Plasmodium 
relictum, this stage lasts at least 5 days; however, these details are unknown for other 
Plasmodium species.  Following this period, a sharp increase in parasitemia occurs as merozoites 
invade the red blood cells.  Eventually, the protozoans will return to host organs and the infection 
will reach a latent stage.  Lastly, relapse occurs sporadically as the merozoites proliferate in the 
blood stream once again (Valkiūnas 2005). 
It is rare that protozoan parasites cause direct mortality in wild bird populations 
(Forrester and Spalding 2003).  However, the presence of these parasites at certain times, due to 
 3 
 
relapse of a chronic infection (Merino et al. 2000) or a newly introduced infection, has been 
shown to negatively affect the condition of the avian host (Garvin et al. 2006; Valkiūnas et al. 
2006).  Physiological effects that Haemosporidia have on their hosts are dependent on both the 
virulence of the particular parasite, as well as the intensity of the infection.  For instance, studies 
have found that migratory passerines with low parasitemia levels had no change in the fat 
reserves necessary for migration, but those with high parasitemia levels ( > 20 gametocytes per 
1000 erythrocytes) had significantly decreased fat reserves (Valkiūnas 2005).   
Prothonotary Warbler Long-term Nest Box Study 
The Prothonotary Warbler (Protonotaria citrea) winters along the eastern Central 
American and northern South American coasts.  In the spring, it travels across the Gulf of 
Mexico to breed in the southeastern and midwestern United States.  Suitable habitat includes 
hardwood, forested areas along slow moving rivers or wetland areas (Dunn and Garrett 1997).   
The Prothonotary Warbler is a cavity-nesting species that will nest in dead tree cavities or 
in holes previously excavated by woodpeckers, thus it is adept at nesting in artificial nest boxes, 
making it an ideal species for long-term reproductive studies.  The nest box study described here 
was initiated in 1987 by Dr. Charles and Mrs. Leann Blem, former faculty members at Virginia 
Commonwealth University (VCU), and has expanded in the last 21 years to include over 500 
boxes distributed among four sites along the lower James River.  As a result researchers at VCU 
have monitored the reproductive effort of over 1,100 female Prothonotary Warblers and 4,000 
clutches (Cathy Viverette, pers. comm.). 
The Prothonotary Warbler has shown a range-wide decline in past years due to habitat 
destruction and degradation as lowland, hardwood forests are logged and converted to 
agricultural use (Podlesak and Blem 2001).  However, in Virginia, the Prothonotary Warbler 
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population has been steadily increasing since the early 1980s, which is likely due to this long-
term next box project (Charles Blem, pers. comm.). 
The three sites sampled in this study were Dutch Gap, located at Henricus Historical Park 
in Chester, VA, Deep Bottom State Park, located in Henrico County, and Presquile National 
Wildlife Refuge (Presquile NWR), located in Chesterfield County, VA.  Deep Bottom is 
approximately 8 km. downstream from Dutch Gap, and Presquile NWR is approximately 9.5 km. 
downstream from Deep Bottom (Figure 2).  All three of these sites are along the shoreline of the 
James River and along small creeks and lagoons that are adjacent to the river main stem.  The 
nest boxes are distributed throughout a heterogeneous habitat matrix that is composed of riverine 
shoreline, herbaceous marshes, and creeks surrounded by bottomland, deciduous forest stands.  
The approximate area of each of the three sites is 4 to 5.5 km2, with Dutch Gap having the 
largest area, followed by Presquile NWR, and then Deep Bottom. 
Males arrive at the breeding grounds in the spring (mid to late April) to establish 
territories and females follow shortly thereafter (late April to early May).  The females lay a first 
clutch of 3 to 6 eggs early in the summer and a second clutch in June.  Although predation is 
minimized by the location and structure of the nest boxes, Brown watersnakes (Nerodia 
taxispilota) and Northern watersnakes (Nerodia sipedon sipedon) do prey on eggs and nestlings 
at times.  Brood parasitism by Brown-headed cowbirds (Molothrus ater) is fairly common, and 
the warbler competes with Tree swallows (Tachycineta bicolor) and sometimes House wrens 
(Troglodytes aedon) for nesting cavities.  
Prevalence of Haemosporidia in Avian Populations 
Studies of the incidence of Haemosporidia have been conducted since the 1970s.  A 
review of published studies by Greiner et al. (1975) indicated that haematozoa parasites had been 
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found in 388 avian species in North America.  Of these infected species, mean Haemoproteus 
prevalence was approximately 20% and Plasmodium prevalence was approximately 4%.  For the 
Parulidae (Wood warbler) family, these prevalence levels were 9.5% and 1.7%, respectively.  
More recently, much higher incidences of these parasite genera have been detected in avian 
hosts, with 20 to 80% prevalence of Haemosporidia infection found in studies of various species 
(Hasselquist et al. 2007; Cosgrove et al. 2008; Garvin et al. 2003; Deviche et al. 2001a; and 
Schraderet et al. 2003).  The higher prevalence found in more recent studies is likely due to the 
highly sensitive molecular techniques that are commonly used to detect parasite presence, 
instead of relying solely on microscopy. 
Variation in Parasite Prevalence 
The relationship between individual age and infection status is not clear.  Deviche et al. 
(2001a) found that parasite prevalence in older, male Dark-eyed Juncos was significantly higher 
than in younger birds; however, Hasselquist et al. 2007 found the opposite trend in infection 
intensity within Great Reed Warblers.  Garvin et al. (2003) did not find a significant difference 
in parasite prevalence in Gray Catbirds of different ages. 
A variety of studies have focused on temporal variation of Haemosporidia infection in 
passerine species.  The results from these studies differ in the dominant trend of parasite 
infection in the host species and in the difference in prevalence between sexes and between age 
groups.  Because similar results are rarely derived from these individual studies, it is apparent 
that numerous variables affect the incidence of Haemosporidia in a population.  Some of these 
variables may include physiological and behavioral differences in the host species or between 
sexes, differences in migratory status, the geographic area where they reside, the season in which 
the study takes place, or differences in local vector ecology.   
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Some researchers have found that parasite intensity is high at the onset of breeding and 
then decreases throughout the breeding season (Hasselquist et al. 2007; Garvin et al. 2003).  
Another study found peaks in parasitemia in the spring and fall that correlate with timing of 
migration (Cogrove et al. 2008).  An overview of temporal variation trends found in the 
literature is shown in Appendix I.  The incidence of infection in a population is likely affected 
by numerous environmental and biological factors that interact in complex ways, thus more 
research is needed to gain a better understanding of parasite fluctuations in host populations over 
time.   
Host Reproductive Success and Parasite Prevalence 
While many studies have focused on spatial and temporal trends of parasitism, other 
studies have analyzed the relationship between infection status and breeding success.  There are 
two alternate hypotheses regarding the relationship between infection and reproductive fitness.  
Negative effects of parasitism may debilitate individuals enough to significantly reduce their 
reproductive success when compared to uninfected individuals (Allander and Bennet 1995), or 
increased parasitism in individuals may be an indirect result of increased reproductive effort 
(Oppliger et al. 1997; Norris et al. 1994).  Support for both of these hypotheses has been found 
in a variety of studies that analyzed different passerine species in different geographic locations 
(Appendix II).  Thus far, there has been no conclusive evidence supporting either theory, which 
may indicate that these are non-mutually exclusive mechanisms that interact to affect infection 
susceptibility in the host species, as well as reproductive effort. 
Given the energetic trade-offs involved in various stages of reproductive effort, 
contrasting results may be found regarding parasite loads and different reproductive fitness 
characteristics.  For instance, Sanz et al. (2001) found that female flycatchers infected with 
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Trypanosoma (another protozoan blood parasite) successfully incubated a smaller proportion of 
eggs than their uninfected counterparts; however, no difference in nestling success was observed 
between infected and uninfected individuals.  This may have resulted from increased effort in 
offspring care to make up for reduced incubation success by infected adults.  Other interacting 
factors may also influence the results of this study, such as possible relationships between clutch 
size and the proportion of eggs that are incubated successfully. 
Preliminary Data 
During the summer of 2006 and 2007, pilot studies were conducted to screen for 
Haemosporidia in breeding Prothonotary Warblers caught at the aforementioned study sites.  
Researchers from VCU found that samples collected in August of 2006 were negative for both 
Haemosporidia genera (D.C.G. Mayer et al. unpubl. data), whereas one third of the samples 
collected in May of 2007 were positive for both Haemosporidia genera (C. Pelnik et al. unpubl. 
data).  Although the sample sizes here were small, these data indicate that Prothonotary Warblers 
are hosts for these parasites and the prevalence of these parasites may vary throughout the 
breeding season.   
Objectives 
The focus of this study is to use molecular techniques to examine the temporal patterns of 
Haemosporidia prevalence in breeding Prothonotary Warblers and to evaluate the relationship 
between infection status and reproductive fitness. 
Objective I 
The first goal of this study is to test for Haemosporidia infection in Prothonotary 
Warblers (Protonotaria citrea) based on age, sex, and time during the breeding season.  The 
prevalence (presence/absence) of Haemosporidia in older (After Second Year) and younger 
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(Second Year) Prothonotary Warblers was determined, as well as differences in prevalence 
between males and females.  A comparison of infection prevalence between the first and second 
clutch was used to determine any temporal variation in parasite prevalence that may occur 
throughout the breeding season. 
Objective II 
The second part of this study investigates the relationship between the breeding success 
of female Prothonotary Warblers and prevalence of Haemosporidia infection.  The following 
fitness measures were used to assess this relationship:  (a) laying date (as determined by the first 
egg laid); (b) clutch size; (c) the proportion of eggs that hatch successfully; (d) nestling success 
(number of nestlings observed upon the last visit to a box); and (e) mean nestling mass.   
METHODS 
Field Methods 
Study Sites and Capture Methods 
The focal population of Prothonotary Warblers in this study breeds in artificial nest boxes 
at three sites along the James River, southeast of Richmond, VA (Figure 2).  The nest boxes are 
attached to metal poles placed approximately 2-3 meters from the edge of the river bank and 
approximately 1-2 meters above the high tide mark.  The box dimensions are 28 cm. x 9 cm. x 6 
cm. with a single entrance hole that is 3.8 cm. in diameter (Blem and Blem 1991).  Fieldwork 
took place during high tide (from three hours before to three hours after the high tide mark) but 
was avoided during rain, thunderstorms, severe winds, and on colder days.   
Female Prothonotary Warblers were caught while incubating eggs within the nest boxes 
by approaching the box from behind via canoe and placing a small hand-held net over the 
entrance hole.  Males were caught in mist-nets (Deep Bottom and Presquile NWR) using a decoy 
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and a recorded Prothonotary Warbler song or while they came to feed nestlings at the nest box 
(at Dutch Gap due to a mechanical trap-door that can be installed on those boxes; R. Reilly, 
unpubl. data).  Depending on the activity of the targeted individual, field technicians would wait 
between 10 and 45 min. for the male bird to become caught in the mist-net.  Once trapped, blood 
samples were collected from all adult birds, as well as sex, age, and morphological data. 
First and Second Clutch Sampling Periods 
A subset of the local Prothonotary Warbler population (n = 240 individuals among all 
three sites) was sampled during the breeding season, which was divided into two time-segments:  
(1) upon arrival in mid-April (males) and after initiation of the first clutch in early-May 
(females) (n = 137); and (2) during initiation of the second clutch in mid-June for both sexes (n = 
103).  Because of the difficulty in recapturing individual birds multiple times, inferences 
regarding change in parasite prevalence over time were made by averaging the results of this 
large subset of the population.  However, 16 individuals were recaptured at least twice so their 
parasite loads could be individually tracked over time.  The sample sizes between the first two 
clutches varied based on the availability of field assistants, time, weather, and changes in the 
density of the birds as the breeding season progressed. 
Sampling began on 13 April 2008, as the first male birds began to arrive at their breeding 
grounds.  Males were more extensively sampled early in the season as they established and 
protected nesting territories.  Sampling took place 5 to 7 days per week from 13 April 2008 
through 9 July 2008, with a two-week interlude between 27 May 2008 and 8 June 2008.  The 
first-clutch sampling period took place between 13 April and 27 May.  The second-clutch 
sampling period began on 8 June and extended through 9 July. 
 10 
 
Data Collection 
Captured Prothonotary Warblers were banded using U.S. Fish and Wildlife bands (Permit 
23486).  Males were also banded with three color bands, allowing each to have a unique color 
combination.  In addition to banding the birds, age, sex, wing chord and tail lengths, and body 
mass were also recorded.  Age was determined by comparing the coloring of the primary and 
secondary coverts as described in Pyle (1997).  If the base color of both sets of coverts was 
identical, than the bird was known to be at least two years old (After Second Year; ASY) and if 
the colors were different in hue, then the bird was categorized as an individual that hatched 
during the previous season (Second Year; SY).  If the data collector was unsure about the age, 
then the bird was considered simply an adult bird (After Hatch Year; AHY).  Ages were 
confirmed, and more exact ages were identified, for the majority of the birds by reviewing 
banding records for previously-captured individuals.  
Blood Collection 
Blood samples were collected from the brachial vein using a 27 gauge needle (IACUC 
Permit AM10230).  The blood was first collected in a heparinized capillary tube.  The whole 
blood volume obtained was generally between 10 and 40 µl.  Upon retrieving this sample of 
whole blood, the blood was transferred into a 0.2 mL PCR tube and stored on ice until returning 
to the laboratory.  Two spots of blood were also collected on FTA filter cards (Whatman®, 
Florham Park, NJ).  Each card contained blood from one individual and was stored in separate 
FTA envelopes at ambient temperature.  FTA cards contain chemicals that lyse the red blood 
cells, denature proteins, and protect nucleic acids from nucleases, oxidative damage, and UV 
damage (Whatman® Website, Florham Park, NJ). 
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Reproductive data such as clutch size, presence of cowbird eggs, number of unhatched 
eggs, number of nestlings, nestling mass and age, and presence of feces in the nest (post-
fledging) were collected throughout the season from the same individuals that were sampled for 
pathogen prevalence.  Nestling age was determined using detailed characteristics recorded by 
Podlesak and Blem (2001).  These data were collected from sampled females only and were used 
to compare parasite prevalence with multiple measures of reproductive success.   
Laboratory Methods 
 DNA Extraction and Preparation 
In the laboratory, between 5 and 7 - 1.2-mm. discs were punched from one of the blood 
spots on each individual FTA card, depending on the density of the blood spot.  These discs were 
then transferred to labeled 0.2 mL PCR tubes.  A Whatman® protocol was followed as the 
punches were prepared for DNA extraction.  To remove heme proteins and other PCR inhibitors, 
200 µl of FTA Purification Reagent were added to each PCR tube.  The tubes were incubated for 
five min. at room temperature and the purification reagent was removed using filtered pipette 
tips.  This was repeated three times in total.  Upon finishing these washes, the remaining nucleic 
acids were buffered by adding 200 µl of TE Buffer (containing 10mM Tris-HCl, 0.1mM EDTA, 
pH 8.0) to each tube.  The tubes were incubated for another five min. at room temperature, the 
solution was discarded, and this rinse was repeated once.  The discs were allowed to dry in the 
open PCR tubes for approximately 5 to 8 hours.  Upon drying, the PCR tubes were closed and 
stored at 4 °C (Whatman® Protocol BD01). 
A second Whatman® protocol was followed to elute the DNA from the FTA® punches.  
Thirty-five µl of a high pH solution (0.1N NaOH, 0.3mM EDTA, pH 13) were first added to 
each PCR tube.  This was incubated at room temperature for 5 min., and then 65 µl of a neutral 
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solution (0.1M Tris-HCl, pH 7.0) were added to each tube to stabilize the eluted nucleic acids.  
The tubes were flash-vortexed 5 times, allowed to incubate for 10 min., and then flash-vortexed 
10 times (Whatman® Protocol BD13).   
To standardize the amount of DNA used in each Polymerase Chain Reaction (PCR), a 
NanoDrop (Thermo Scientific, Inc.) was used to measure the concentration of nucleic acid in 
each sample based on the absorbance at 260 nm.  The purity of the eluted DNA was assessed as 
well.  The concentration of DNA (ng/µl) in each sample was measured, and 100 ng of DNA were 
used for each PCR amplification.   
Confirmation of Warbler DNA by PCR Amplification 
Before assaying the samples for Haemosporidia, PCR reactions were conducted for each 
blood sample to amplify part of the cytochrome b gene in the Wood warbler mitochondrial DNA 
since proteins, such as heme, can interfere with the amplification process.  This served as a 
means of preventing false-negatives upon screening for Haemosporidia.  The PCR utilized 
methods from Winker et al. (1999).  The primer set that was used consisted of the forward 
primer:  Lsw µ18 (F) (5’-TTG CTG AAA GAA GTA CTA AGA-3’); and the reverse primer:  
Lsw µ18 (R) (5’-CTG TTT GCA GGA TAT GTA TAC-3’).  Each reaction took place in a 25 µl 
cocktail containing:  20 picomoles of each primer, 1.25 mM dNTPs, 50 mM KCl buffer 
(containing 1.5 mM MgCl2 and 10 mM Tris-HCl; pH 8.8), 0.5 units Taq Polymerase (BioLine, 
Inc.), and 100 ng of template DNA.  The DNA fragment of interest was amplified using the 
following conditions:  94 °C for 3 min. and 45 sec., followed by 30 cycles of 95 °C for 1 min., 
54.8 °C for 30 sec., and 72 °C for 30 sec., with an extended elongation period at 72 °C for 5 min.  
The amplified PCR product was then held at 4 °C. 
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The amplified product was separated by gel electrophoresis using a 1.2% agarose gel 
containing ethidium bromide.  The gel was viewed under UV light and the presence or absence 
of the target fragment of 240 base pairs was observed (Winker et al. 1999).  Upon running all the 
samples, any that came out negative were amplified a second time.  If the problem was not 
resolved, new DNA was extracted from the respective card and the process was repeated.  
PCR Amplification of Haemosporidia DNA 
Prevalence (presence or absence) of Haemosporidia was assayed using primer sets for the 
cytochrome b gene of the mitochondrial DNA of the protozoa, which has highly conserved 
regions among Apicomplexan lineages.  The primers described in Waldenström et al. (2004) 
were used to amplify this portion of the parasite DNA.  The primers sequences were as follows:  
Haem F (5’-ATG GTG CTT TCG ATA TAT GCA TG-3’) and Haem R2 (5’-GCA TTA TCT 
GGA TGT GAT AAT GGT-3’).  A 25 µl PCR reaction was prepared for each sample using 
Ready-to-Go PCR beaded tubes (GE Healthcare, Inc.) which contain all reagents necessary for 
the PCR reaction with the exception of the primers, template DNA, and water.  Each bead 
contains the following:  2.5 units PureTaq DNA Polymerase, 10 mM Tris HCl; pH 9), 50 mM 
KCl, 1.5 mM MgCl2, and 200 µM of each deoxyribonucleotide triphophate (dATP, dCTP, 
dGTP, dTTP).  The use of these beads minimized risk of reagent contamination and allowed for 
more efficient sample processing.  100 ng of template DNA were added to each PCR tube 
following the addition of 20 picomoles of each primer.  Because all the samples contained 
different concentrations of DNA, different volumes of water were also needed to maintain equal 
concentrations of the other reagents.  Water was added to the beads first, followed by the 
primers, and lastly, the genomic DNA template.   
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The positive control to which the 2008 samples were compared was from a bird collected 
during the summer of 2007 that was known to be infected with Haemoproteus and Plasmodium 
(D.C. Ghislaine Mayer et al., unpubl. data).  The positive control that was used with this sample 
was obtained from graduate student Sarah Knowles and her advisor, Dr. Benjamin Sheldon at 
Boston College (B. Sheldon, pers. comm.). 
The Haemosporidia DNA was amplified under the following conditions:  94 °C for 3 
min., followed by 35 cycles of 94 °C for 30 sec., 50 °C for 30 sec., and 72 °C for 45 sec., with an 
extended elongation period at 72 °C for 10 min.  The amplified PCR product was then held at 4 
°C. 
The amplified product was separated by gel electrophoresis using a 2.0% agarose gel 
containing ethidium bromide.  The target length for this particular fragment was approximately 
520 base pairs (Waldenström et al. 2004).  Samples were confirmed positive if a band of this 
length was present upon viewing the gel under UV light.  PCR products that showed multiple 
bands or that had very faint bands were run on a second gel to confirm the presence or absence 
of the band. 
Statistical Analyses 
Haemosporidia prevalence among all three study sites was first compared using a 
Pearson’s Chi Square analysis and since no significant differences were apparent, all samples 
were grouped together for the rest of the analyses.  To analyze general trends in parasite 
incidence in this population of Prothonotary Warblers, Chi Square analyses were conducted to 
determine differences in prevalence between clutches, sexes, and age classes.  Differences in 
prevalence among discrete host age groups (years of age equivalent to 1, 2, 3, 4, and older than 
5) were then compared.  Exact ages were determined from banding data and another Chi Square 
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analysis was used to determine if infection prevalence was significantly higher in Prothonotary 
Warblers of certain ages.  Statistical significance was determined using an alpha value of 0.05 
for all analyses.   
Age had to be accounted for while analyzing reproductive parameters for each clutch 
individually since SY individuals tend to have smaller clutch sizes than ASY individuals (Blem 
et al. 1999).  Also, the distribution of sampled birds within each clutch was uneven since more 
SY birds were caught during the second clutch (due to the later arrival of SY individuals on the 
breeding grounds).  To take age into account, an Analysis of Covariance (ANCOVA) was used.  
The relationship between infected and uninfected individuals and each reproductive parameter 
was analyzed for both clutches.  For this analysis, reproductive parameters that were examined in 
both clutches included clutch size, number of nestlings, proportion of nestlings that hatched, and 
number of unhatched eggs.  Laying date of infected and uninfected birds was compared for the 
first clutch only.  This served as a surrogate for the date of arrival at the breeding grounds, which 
has been found to be associated with physiological health (Becker et al. 2008).  Also, for 
reproductive data collected for each brood, all appropriate assumptions necessary for Analyses of 
Variance (ANOVAs) were tested.  A Levenes test was used to look for equal variance of each 
reproductive parameter during each clutch and a Shapiro Wilk test was used to test for normal 
distribution of the data.  The additional assumptions necessary for ANCOVAs were assumed to 
be true since age (the covariate) was independent of infection status and the fact that age has the 
same effect on reproductive effort, regardless of infection status. 
Students T-tests were used to compare reproductive parameters between infected and 
uninfected females for ASY and SY females separately to assess total reproductive effort over 
the entire breeding season for females of each age class.  Assumptions of the T-test were tested 
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using Levenes’ test and Shapiro Wilk’s test.  If assumptions of equal variance or normal 
distribution of the data were violated, then a Mann-Whitney U non-parametric test was used to 
confirm the statistical results of the parametric tests.  All statistical analyses were conducted 
using JMP, version 8 (JMP, SAS Institute Inc.) and SPSS (SPSS, SPSS Inc.). 
Sequencing and Phylogenetic Analysis 
Upon completing all PCR assays, 89 of the amplified Haemosporidia - positive samples 
were purified in preparation for sequencing using Exonuclease I - Shrimp Alkaline Phosphatase 
(ExoSAP) to remove excess primers and nucleotides.  The ExoSAP was mixed at a ratio of 1 U 
Exonuclease I to 2 U Shrimp Alkaline Phosphatase and 3 µl ExoSAP were added to 10 µl of 
each PCR product.  All products were then vortexed and placed in a thermocycler for 15 min. at 
37 ºC and 15 min. at 80 ºC, followed by a 4 ºC hold.  All purified products were stored at – 20 
ºC.   
Two cycle sequencing reactions were then used to further amplify each purified 
Haemosporidia product using fluorescent nucleotides (dideoxynucleotide triphosphates; 
ddNTPs).  Reactions for the forward and reverse primers (Haem F and Haem R2, respectively) 
were completed separately in order to amplify each DNA strand.  Each reaction was performed 
in a 6.0 µl cocktail, including 1.0 µl ET master mix from the DYEnamic ET Terminator Cycle 
Sequencing kit (GE Healthcare, Inc.), 0.5 µl primer (20 pmol/µl), 2.5 µl water, and 2.0 µl 
purified PCR product.  The following program was used to amplify the Haemosporidia products:  
40 cycles of 94 ºC for 20 second, 52 ºC for 15 sec., and 60 ºC for 60 sec.  The products were then 
held at 4 ºC.   
To prepare the amplified DNA for sequencing, 50 µl of Sequencing wash (Millipore 
Corp., Billerica, MA) were added to each reaction tube.  This solution was transferred to wells 
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within a Multiscreen SEQ sequencing reaction clean-up plate (Millipore Corp., Billerica, MA) 
and vacuumed for approximately 30 min. until all liquid had been eliminated from the wells.  10 
µl of Injection solution (Millipore Corp., Billerica, MA) were then added to each well and this 
was removed via the vacuum as well.  Lastly, 25 µl of Injection solution were added to each well 
to elute the single-stranded DNA from the plate membrane.  The plate was placed on a shaker for 
10 min. and the samples were transferred to a MegaBace plate and centrifuged for 30 sec.  The 
samples were then put in a thermocycler and heated to 94 ºC to for 2 min. to denature the DNA, 
after which they were immediately put on ice.  These plates were kept in the dark and on ice 
while the MegaBace 1000 automated sequencing machine was prepared for sequencing.   
The samples that were sequenced successfully were analyzed using MegaBace Sequence 
Analyzer and visually edited before putting them into the Basic Local Alignment Search Tool 
(BLAST; National Center for Biotechnology Information; NCBI).  Successful sequences were 
determined based on the clarity of the nucleotide sequences.  The acquired sequences were 
compared to published sequences in GenBank.  Matches that had 99 or 100% Max Identity 
match were selected and other, less-similar, sequences were also selected so as to compare 
Haemosporidia found in different hosts located in other geographic areas with those found in 
Prothonotary Warblers in Virginia.  All sequences with a 99 to 100% Max Identity match 
(including 97 to 100% coverage) were obtained and used in this analysis.  All acquired 
sequences fell into three distinct groups (Plasmodium spp. P01, B23, and P06-A/B).  
Approximately three other sequences were selected from each of these query-results that had 
decreasing Max Identity percentages (92 to 98%).  This allowed a variety of related lineages to 
be compared to the lineages found in this study.  To understand relationships between these 
lineages and Haemosporidia species that have been studied in more depth, documented species 
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of Plasmodium (avian, reptilian, and mammalian) were also included in the analysis, as well as 
two Haemoproteus species that have been found frequently in avian hosts. 
The sequences that were found in the Prothonotary Warblers and all published sequences 
were loaded into ClustalX (Higgins and Sharpe 1988) and aligned.  These included 7 sequences 
acquired by this study, 12 published sequences that closely matched these sequences, 10 
published sequences that were more distantly matched to these sequences, and 8 sequences from 
known Haemosporidia species commonly found in birds (4), reptiles (3), and mammals (1).  All 
sequences were derived from the cytochrome b region of the mitochondrial DNA of the 
protozoan parasite.  The names of these published sequences and GenBank accession numbers 
are listed in Appendix III.  Additional information regarding geographic location, host family 
and host species for all published sequences used in this analysis can be found in Appendix IV.  
Since all 7 of the parasite sequences from the Prothonotary Warblers were from the Plasmodium 
genus, all of the related sequences from avian hosts were from undefined Plasmodium spp. with 
the exception of P. cathemerium, P. relictum, and P. gallinaceum.  Two species of 
Haemoproteus (H. majoris and H. fringillae) were used as outgroups during the following 
cladistic analysis. 
Upon aligning all sequences and manually editing and removing the tail ends of the 
longer sequences using BioEdit version 7.0.5 (Hall 2005), the sequences were converted to 
Nexus format and imported to PAUP* 4.0 (Swofford 2001).  Phylogenetic trees were produced 
with the assumption of maximum parsimony using heuristic searches with step-wise additions, 
random addition of sequences, and accelerated transformation character-state optimization 
(ACCTRAN).  A Tree by Section and Reconnection (TBR) algorithm was repeated 100 times 
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and 1000 trees were saved per repetition.  A strict consensus of the resulting tree was then 
calculated by PAUP* 4.0. 
Bootstrap values (Felsenstein 1985) were calculated using fast heuristic searches that 
generated 10,000 trees from subsets of the original data.  The numerical values produced for the 
branches of the cladistic diagram indicate the percent of trees that showed a node at a given 
location upon randomly sampling subsets of the dataset, with replacement.  These values indicate 
a level of confidence for these evolutionary solutions that are predicted by the computer 
algorithms. 
RESULTS 
In total 240 blood samples were obtained from 223 adult Prothonotary Warblers and 
processed in the laboratory.  Of these, 204 samples were used in this analysis (from 187 sampled 
individuals).  Pictures of amplified DNA products from both the Wood Warbler and the 
Haemosporidia PCRs are shown in Figures 3 and 4, respectively.  Fifteen individuals were 
sampled twice during the breeding season and one individual was sampled three times.  These 
individuals were recaptured and sampled between 12 and 56 days from the original capture date.   
The way these samples were accounted for differed based on the type of analysis, since 
some analyses were based on data collected across the entire season and contained duplicate 
individuals.  Prevalence for the overall season was calculated twice, first using all samples, and 
then removing a sample from duplicated individuals (or two in the case of the individual that was 
caught three times).  For the individuals that changed status between sampling times, the 
negative sample was removed because the first question aims to identify the prevalence of avian 
malaria during the 2008 breeding season, regardless of when the birds obtained or cleared the 
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infection.  However, when data were separated by clutch, the majority of the duplicated 
individuals were included. 
The samples used in the following temporal and reproductive analyses included 64 
samples from 59 individuals at Deep Bottom (DB), 62 samples from 55 individuals at Dutch Gap 
(DG), and 78 samples from 73 individuals at Presquile National Wildlife Refuge (PNWR).  119 
of the samples were from the first clutch (13 April 2008 through 27 May 2008) and 85 samples 
were from the second clutch (8 June 2008 through 9 July 2008). 
Overall Parasite Prevalence 
 In total, Haemosporidia were present in 68.6% of the samples (including birds that were 
captured more than once).  Deep Bottom had an infection prevalence of 75.0%, Dutch Gap had a 
prevalence of 61.3%, and Presquile NWR had a prevalence of 69.2%.  Upon comparing 
Haemosporidia prevalence among the three sites, no significant differences were found (p = 
0.250).  Duplicate samples were then removed.  Upon correcting for the duplicated individuals, 
the overall prevalence was 71.6%.  When divided by site, the infection prevalence at Deep 
Bottom was 78.0% (n = 59), the prevalence at Dutch Gap was 65.5% (n = 55), and the 
prevalence at Presquile NWR was 71.2% (n = 73; Figure 5).  The differences between sites were 
still not significant after the duplicated samples were removed (p = 0.332), thus data from all 
three sites were combined for the following analyses. 
 An examination of overall infection prevalence by sex and by age class was also 
performed twice, first by including all samples and then by removing one sample from 
recaptured individuals.   Infection prevalence for males and females were not statistically 
different with 71.1% (n = 83) of male samples determined to be positive and 66.9% (n = 121) of 
female samples determined to be positive (p = 0.531).  Additionally, there was no significant 
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difference in the parasite prevalence between ASY and SY individuals (p = 0.941).  Overall 
prevalence for ASY birds was 68.6% (n = 140) and overall prevalence for SY birds was 68.0% 
(n = 50).  There were 14 birds whose ages could not be identified.  These AHY birds had a 
prevalence of 71.4%.   
After removing duplicate individuals, there were still no differences in infection 
prevalence between sexes or age classes (sex: p = 0.716; age: p = 0.795).  Male infection 
prevalence was 73.1% (n = 78) and female infection prevalence was 70.6% (n = 109).  ASY 
birds had a prevalence of 72.2% (n = 126) and SY birds had a prevalence of 70.2% (n = 47).  
The prevalence for AHY birds (71.4%) did not change.  Table 1 summarizes all of these results 
upon combining samples from all sites, in addition to variation in Haemosporidia prevalence 
between sexes and age classes for each study site. 
The exact ages of 93 sampled Prothonotary Warblers were retrieved from past banding 
records.  These individuals were grouped into the following age classes:  1 year old (y.o.; n = 
28); 2 y.o. (n = 14); 3 y.o. (n = 9); 4 y.o. (n = 8); and >5 y.o. (n = 7).  Due to annual mortality, 
sample sizes decreased as the age classes increased.  Infection prevalence was highest in one-
year-old birds and in birds that were five-years-old or older (80.0% and 87.5%, respectively).  
Middle-age birds (2-4 years of age) had prevalence levels of approximately 60%.  Figure 6 
shows a histogram depicting infection prevalence in each of these age groups.  Upon conducting 
a Chi Square analysis, there were no differences in Haemosporidia prevalence between any of 
the five age groups (p = 0.328); however, these results should be viewed with caution due to the 
small number of birds in some of the contingency table cells.   
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Temporal Variation of Parasite Prevalence 
 Haemosporidia prevalence within the first and second clutches was analyzed 
independently in the following analyses.  The birds that were sampled twice (once during each 
sampling period) were kept in the dataset.  However, there were three exceptions to this.  Two 
birds were sampled twice, but within the same sampling period (clutch 1).  For these two 
individuals, one of the two samples was removed from the analysis.  Also, for the bird that was 
sampled three times, one of the two samples acquired during the second clutch was removed 
from the analysis.   
Comparisons of Haemosporidia prevalence between sampling periods indicated that 
prevalence was significantly higher during the second clutch than the first clutch (Figure 7).  
There was an overall prevalence of 63.2% from samples collected during the first nesting period 
and the prevalence of samples collected during the second nesting period was 77.4% ( n = 201, 
χ2 = 4.579, df = 1, p = .032).  The Phi value of 0.151 indicated a rather weak effect size, 
however. 
To further examine temporal trends in parasite prevalence throughout the breeding 
season, data were grouped into two-week increments.  Figures 8a and 8b show Haemosporidia 
prevalence in these two-week intervals, first based on the number of positive birds and then 
based on the percent of positive birds out of all birds sampled.  All samples were included 
because there was no instance where the same bird was captured within the same two-week 
increment, thus each time increment did not contain any individuals that were sampled twice.  
An increase in overall parasite prevalence is apparent between the first and second halves of the 
season, but sample sizes during some of the time increments (i.e. 4 and 7) were uneven due to 
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changes in the behavior of the birds throughout the season.  A trend between consecutive time 
intervals did not exist.   
 Temporal Variation by Sex and Age Class 
The results from temporal comparisons differed for both sex and for age.  Infection 
prevalence in males increased significantly between the first and second clutch (n = 81, χ2 = 
6.579, df = 1, p = 0.010).  The value for Phi was 0.285, indicating that the strength of this 
relationship, although significant, was only moderate.  However, the increase that was observed 
in the infection prevalence of females between the first and second clutch was not statistically 
significant (p = 0.390; Table 2 and Figure 9).  Of the samples acquired from male birds during 
the first clutch, 62.3% were positive for Haemosporidia (n = 53), while 89.3% of the samples 
acquired during the second clutch were positive (n = 28), showing a significant increase as the 
breeding season progressed.  The females had an infection prevalence of 64.1% during the first 
clutch (n = 64), and this increased to 71.4% during the second clutch (n = 56). 
 Inconsistent changes in infection prevalence between age groups were also identified 
between the first and second clutches (Table 2 and Figure 10).  ASY individuals showed a 
significant increase in parasite prevalence between the first and second clutches (n = 138, χ2 = 
5.535, df = 1, p = 0.019), although the strength of this association was moderately weak (Phi = 
0.200).  SY individuals did not show a significant change between the first and second clutches 
(p = 0.675).  Infection prevalence in ASY Prothonotary Warblers sampled during the first and 
second sampling periods were 61.6% (n = 86) and 80.8% (n = 52), respectively.  The prevalence 
of infection in SY samples from the two clutches were 66.7% (n = 18) and 71.0% (n = 31), 
respectively.  When the ASY and SY samples were combined, the difference in Haemosporidia 
prevalence between the two clutches was significant as well (n = 187, χ2 = 4.604, df = 1, p = 
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0.0319) with a Phi value of .157.  These statistics are slightly different from the overall 
differences between the two clutches, as mentioned above, because AHY birds were not included 
in this analysis.  AHY individuals that were captured had an infection prevalence of 69.2% (n = 
13) during the first clutch and 100.0% (n = 1) during the second clutch (Table 2).  A contingency 
test was not performed on AHY samples because of the small and inconsistent sample sizes that 
composed this group.   
 Upon comparing Haemosporidia prevalence between sexes and age groups during the 
first clutch and the second clutch, no significant differences were found between males and 
females nor between ASY and SY individuals for either clutch (sex: p = 0.065; age: p = 0.304; 
Figure 11).  Although not significant at the 0.05 level, a difference between males and females 
during the second nesting period was apparent (n = 84, χ2 = 3.401, df = 1, p = 0.065). 
Prevalence in Recaptured Individuals 
 Of all the birds that were sampled and used in these analyses, 16 of the individuals were 
sampled more than once throughout the breeding season.  Twelve of the recaptured individuals 
were female, and four were male.  Thirteen of them were ASY birds and three were SY birds.  
The infection status of seven of the individuals did not change between capture dates, while the 
status of the other nine did change (Table 3).   
Five individuals were positive for Haemosporidia at both capture times (four females and 
one male) and two individuals were negative at both capture times (one female and one male).  
As for the birds that changed status during the breeding season, four of the nine were uninfected 
at the first capture date and infected at the second capture date (three females and one male), 
indicating the occurrence of breeding ground transmission or a relapse in chronic infection.  The 
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other five recaptured individuals were infected during the first sampling period and then cleared 
the infection by the time they were captured a second time. 
Associations between Infection Prevalence and Reproductive Parameters 
Reproductive Success by Clutch Using Age as a Covariate 
 Clutch size, number of nestlings, proportion of nestlings hatched, and number of infertile 
eggs were compared for infected and uninfected females during each clutch using an ANCOVA 
that corrected for differences that could be due to age rather than infection status.  For both 
clutches, there were no significant differences between any of these parameters and infection 
status of the female (p > 0.050).   
 Laying date was compared for infected and uninfected females during the first clutch as 
an indicator of arrival date.  This parameter was represented as the day that the first egg of the 
first clutch was laid.  In order to analyze these data, the laying date was first converted into a 
Julian date and the mean Julian date and standard deviation were calculated for both infected and 
uninfected females.  Infected females had a mean laying date of 120.48 + 4.16 days, while 
uninfected females had a later laying date of 122.94 + 4.97 days.  These means corresponded to 
29 April and 1 May, respectively.  This difference was not statistically significant (p > 0.050; see 
Table 4).   
The assumption of equal variance was verified for clutch size, number of nestlings, and 
proportion of eggs that hatched for both clutches (p > 0.050; Levenes test).  It was also verified 
for laying date during the first clutch (p > 0.050; Levenes test).  However, the number of 
unhatched eggs for both clutches did not meet the assumption of equal variance (p < 0.050; 
Levenes test).  Also, upon testing for normality, none of the reproductive parameters had 
normally distributed data during either clutch (p < 0.050; Shapiro Wilk’s test).   
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Despite the failure of these data to meet these assumptions, the sample sizes were large 
enough to allow for parametric statistics to be used.  For data collected on clutch size, nestling 
number, and proportion of hatched eggs during the first clutch, the ratio of uninfected to infected 
individuals was 23:39, which was from a sample size of 62.  Data representing the number of 
unhatched eggs came from 19 uninfected individuals and 34 infected individuals, which 
combined to create a sample size of 53.  For the second clutch, clutch size, nestling number, and 
proportion of eggs that hatched came from a sample size of 48 individuals, 34 of which were 
infected and 14 of which were not.  The number of unhatched eggs was collected from a total of 
45 individuals, of which 14 were uninfected and 31 were infected.  The laying date from 58 
females was also used in that segment of the analysis, which included 37 infected females and 21 
uninfected females. 
Total Reproductive Success for Older and Younger Individuals 
 Upon testing the assumptions for the total reproductive data collected for both age classes 
(ASY and SY), similar results were found as the assumptions tested for the first and second 
clutch datasets.  Levenes test was satisfied for the total clutch size, the total number of nestlings, 
and the overall proportion of hatched eggs for both ASY and SY individuals (p > 0.050).  
However, Levenes test found that the number of unhatched eggs did not have equal variance for 
ASY birds (p < 0.050), but it did for SY birds (p > 0.050).  The test for normality failed for all 
reproductive parameters that were analyzed for both age groups (p < 0.050).  Since the data for 
the four reproductive parameters (total clutch size, overall number of nestlings, overall 
proportion of nestlings that hatched, and the total number of unhatched eggs) did not fit the 
assumptions that are required by parametric analyses, non-parametric tests were performed 
(Table 5).  According to the Mann Whitney U test, there were no significant differences between 
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any of the reproductive parameters upon comparing infected and uninfected ASY females (p > 
0.050).  There were more distinct differences between two of these reproductive parameters, but 
they were not significant at the 0.050 level.  These included the difference between the total 
number of eggs laid by infected and uninfected ASY females (n = 64, Z = -1.832, p = 0.067) and 
the difference between the total number of successful nestlings (n = 64, Z = -1.842, p = 0.066).  
Upon conducting Mann-Whitney U analyses on the same parameters for SY females, no 
significant (or marginally significant) differences were found (p > 0.050). 
Comparison of Nestling Mass Between Infected and Uninfected Females 
Upon conducting two separate regression analyses that analyzed the relationship between 
nestling weight and nestling age at the time of weighing, the resulting equations showed a 
slightly different slope (Figure 12), indicating that the offspring of infected females (n = 15) 
tended to have a slightly faster growth rate than those of uninfected females (n = 7).  For 
uninfected females, the mean nestling mass was equal to 1.28 times the age of the nestlings, with 
an intercept of 1.82.  For infected females, the mean nestling mass was equal to 1.60 times the 
age of the nestlings, with an intercept of 0.33.  The r2 values for both sets of data were very high 
(.95 and .87 for uninfected females and infected females, respectively) and both sets of 
relationships were highly significant (p < 0.0001 for both).  This indicates that a very strong 
correlation exists between nestling age and mean nestling mass, regardless of infection status of 
the female.   
To compare the nestlings’ rate of growth based on the infection status of the female 
confidence intervals for the slope of each regression were compared.  For uninfected females, the 
slope of 1.27 was bounded by a confidence interval between .92 and 1.63.  Comparatively, the 
slope of 1.60 that was obtained for nestlings of infected females was bounded by a confidence 
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interval of 1.23 and 1.96.  This overlap indicated that nestling growth rates between infected and 
uninfected females were non-significant; however, to confirm this, the mean weights of each 
clutch for each adult female was divided by the age on the day where weighing took place.  This 
generated a mean growth rate for each clutch of nestlings.  A t-test was then used to compare the 
growth rates of infected and uninfected females, where it was concluded that no significant 
differences existed (p = 0.786). 
Sequencing Results and Phylogenetic Analysis 
Of 88 samples that were sequenced, 7 clean sequences were produced.  These 7 
sequences were from six male Prothonotary Warblers and one female (Table 6).  Two of the 
samples were collected in May, one in June, and four in July of 2008.  The first two were from 
the first clutch and the last five were from the second clutch.  One of the six males was a Hatch 
Year (HY) bird.  Two other male samples were from SY birds and the rest were from ASY birds.  
The parasite sequences found in each of these birds are shown in Figure 13.   
In total, there were 439 characters and of these, 86 were parsimony-informative 
characters.  After conducting the cladistic analysis, the 2,245 shortest trees were saved and a 
strict phylogenetic tree was generated that had a tree length of 311 steps.  The consistency index 
for this tree was 0.5305, indicating that 53% of the parsimonious- informative characters within 
the Plasmodium lineages could be accounted for within 311 steps.  The homoplasy index of 
0.4695 (47%; inverse of the consistency index) indicates the percent of similar lineages that do 
not share the same ancestor.  The retention index was 0.7321, indicating a high degree of 
synapomorphy. 
The strict consensus tree that was created is shown in Figure 14, along with bootstrap 
values.  According to this cladogram, the Plasmodium DNA amplified from 7 of the collected 
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samples can be separated into three different clades, which may indicate that at least three 
distinct parasite lineages are carried by this host population.  Samples 229, 232, 240, and 241 
were combined into one clade that also included published sequences from birds collected in the 
United States (5 sequences), the Caribbean (1 sequence), and eastern Australia (1 sequence; 
Bootstrap = 89%).  This group included the sample collected from the HY bird (sample 232), as 
well as three others collected from adult males.  Both males from Dutch Gap (samples 240 and 
241) were parasitized by Plasmodium lineages that were even more closely related than the rest 
of the lineages found within this clade (Bootstrap = 56%).  Additionally, the lineages found 
within this clade may be more common in the Wood warbler family (Parulidae) than other 
families.  In total, these closely related lineages were found in six avian families and of the 12 
times that they were documented, seven of them were extracted from Parulidae hosts in North 
America, specifically, the U.S.  Other host families that were parasitized by this group of 
Plasmodium included Monarchidae and Pachycephalidae collected in eastern Australia, Mimidae 
collected in Latin America, and Strigidae and Paridae, both of which were also collected in 
North America (see Appendix IV for information regarding host species and citation 
information). 
Sample number 97 (from an adult male at Presquile NWR) belonged to its own clade that 
included published sequences from birds collected in North America (4) and two other sequences 
that had unknown geographic locations.  Aside from the Parulidae individuls, the three other 
North American host families from which similar parasite lineages were isolated included 
Passeridae, Icteridae, and Strigidae.  Plasmodium cathemerium was also found to be related 
closely to these lineages.   
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Lastly, samples 95 and 148 were contained in a clade that was distinctly separate from 
the first two (Bootstrap = 98%).  This was also unique in that the published sequence that was 
the most closely related to both samples was collected from birds in South America (Uruguay 
and Guyana).  This lineage (B23) was found in four host families, including Emberizidae, 
Icteridae, Psittacidae, and Parulidae.  Another sequence collected from Australia had a sister 
relation to these three. 
DISCUSSION 
Haemosporidia Prevalence in P. citrea 
We have found that the prevalence of Haemosporidia in this breeding population of 
Prothonotary Warblers is quite high compared to both the average prevalence among Wood 
warblers, as well as the average prevalence among 54 other avian families, as determined by 
Greiner et al. (1975).  Out of 187 individuals that were sampled, 134 (71.6%) were infected with 
Haemosporidia.  According to a review by Greiner et al. (1975), 36.9% of approximately 57,000 
birds were infected with at least one of six blood parasites across the continental United States 
and Canada between 1935 and 1974.  They also found that hosts within the Parulidae family to 
be highly susceptible to blood parasites as compared to other small passerines.  Of the 
approximate 3,800 sampled birds within the Parulidae family, 45.3% were found to be infected 
with blood parasites (including 9.5% Haemoproteus infection and 1.7% Plasmodium infection; 
Greiner et al. 1975).  The infection prevalence found in this population was also much higher 
than mean prevalence identified in Neotropical bird species, which was 7.1% for Haemoproteus 
spp. and 1.6% for Plasmodium spp. (Valkiūnas 2005).   
However, the prevalence found in this population of Prothonotary Warblers is more 
comparable with recent studies in other avian species.  For instance, Deviche et al. (2001a) found 
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an overall infection prevalence of 67% (including Leucocytozoon, Haemoproteus, and 
Trypanosoma) in breeding Dark-eyed Juncos in Alaska.  Another study found an 80% infection 
prevalence of Haemoproteus velans in Red-bellied Woodpeckers (Schraderet et al. 2003).  The 
highest prevalence in the warbler family that was published in the literature was another study by 
Deviche et al. (2001b), where 90% of captured breeding Townsend Warblers were infected with 
Haematozoa; however, the sample size in this study was smaller than the rest of the studies listed 
( n=10 ) and Trypanosoma was quite prominent in this analysis.  Other studies diagnosed 
Haemosporidia prevalence ranging from 13 to 41% in various populations of Hooded Warblers, 
Great Reed Warblers, Blue Tits, and Gray Catbirds (Tarof et al. 1997; Hasselquist et al. 2007; 
Cosgrove et al. 2008; and Garvin et al. 2003).   
There are a number of potential reasons for these discrepancies in the number of infected 
individuals in different passerine species and populations.  Some of these are based on the life 
history of both the avian host and the disease-spreading vector.  Geographic location of all these 
studies vary widely based on the location of the host population, thus the vector populations will 
vary as well.  Different host populations might be better adapted to different Haemosporidia 
parasites and can have differential immune responses.  Host behavior can also affect 
transmission rates within a population, depending on foraging and nesting height in the canopy 
and utilization of different habitats.  Lastly, endocrine response during the breeding season and 
times of high stress, such as migration, can affect the susceptibility of the host to disease agents. 
Besides these factors, methodology in the identification of parasites of interest differs 
between studies, thus comparing them is difficult.  A common way to identify parasite 
prevalence and intensity is through microscopy; however, considering that many individuals 
carry low levels of the blood parasites certain times of the year, this method is not entirely 
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accurate, yet it is widely used.  Upon comparing the results from microscopy techniques to those 
from molecular techniques, Feldman et al. (1995) found that the latter resulted in a 67% increase 
in detection accuracy.  Jarvi et al. (2002) found similar results that indicate a 3 to 4-fold increase 
in detection sensitivity when PCR techniques were compared to microscopy techniques.   
Although the use of molecular techniques such as Polymerase Chain Reaction (PCR) has 
greatly improved the accuracy of Haemosporidia diagnostics, there are still factors that affect the 
success of DNA amplification via PCR.  The blood of the host contains compounds such as 
heme and cytochromes that inhibit PCR reactions, thus careful and complete DNA extraction is 
very important.  Even PCR can fail to identify individuals with very low parasitemia due to 
chronic infections, at which time the amount of parasite DNA is so minimal that it is diluted by 
background DNA of the host.  This problem is more apparent in diagnosing avian malaria as 
compared to human malaria since the erythrocytes of birds are nucleated while those of humans 
are not (Freed and Cann 2006). 
Regardless of the complexities of comparing studies with different methodologies, PCR 
techniques have been widely used to determine Haemosporidia prevalence in the last six to eight 
years.  Thus, although comparisons between studies are still difficult, results within each 
individual study are likely to be highly accurate, provided that proper primer design and 
appropriate laboratory protocols are utilized. 
Differences in Infection Prevalence between Sexes and Age Classes 
In this study, there was no difference in overall Haemosporidia prevalence between male 
and female Prothonotary Warblers (Table 1).  Similar studies have shown conflicting results 
regarding the comparison of parasite prevalence between sexes and age classes.  Tarof et al. 
(1997) found a higher prevalence in males compared to females.  This study, as well as others, 
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found no difference in prevalence between the sexes (Cosgrove et al. 2008; Hasselquist et al. 
2007).  Although parasite prevalence has been hypothesized to be larger in males due to the 
indirect effects of testosterone on immune system maintenance (Poulin 1996), other studies 
identified higher prevalence in females instead (McCurdy et al. 1998).  It may be that differences 
in infection between males and females vary by species, parasite type, or the time of year during 
which they are sampled. 
Additionally, there was no difference in the overall parasite prevalence between older and 
younger birds (Table 1).  These results conflict with the majority of studies that have found 
higher Haemosporidia prevalence in ASY birds compared to SY birds (Cosgrove et al. 2008; 
Deviche et al. 2001a; Tarof et al. 1997; and Garvin and Scheoech 2006).  It is possible that no 
difference in age was observed due to the high density of nest boxes at all three sites, which may 
dilute the overall effect of age that we might have otherwise found in this population.  Since 
Prothonotary Warbler territories are so condensed, transmission rates may be artificially raised 
amongst all age groups as a result.  Alternatively, infection susceptibility and exposure might 
naturally be the same for all birds, regardless of age class. 
Temporal Variation in Prevalence 
Upon comparing Haemosporidia prevalence between clutches, temporal variation in 
prevalence is apparent.  Between April and May, the overall infection prevalence was 63.2%.  
The infection prevalence then increased to 77.4% between June and July.  It is highly probable 
that multiple factors played a role in the high prevalence that was found in this population of 
Prothonotary Warblers and in the increasing prevalence found throughout the breeding season.  
These factors might include infection relapse, change in vector density, and alteration of immune 
defenses due to reproductive effort.   
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Many of the birds caught upon arrival in April were positive for Haemosporidia (~ 55%).  
Since this is prior to the seasonal increase in vector activity, it indicates that at least a portion of 
these infections could have been due to relapse of chronic infections rather than new, acute 
infections.  Otherwise, the birds may have acquired the infection along their migration route or 
on their wintering grounds.  However, the increase to 77.4% prevalence during the second 
nesting period, and its association with increased vector abundance, indicates that new infections 
were being transmitted via breeding ground vectors, causing increased primary parasitemia.  
Also, increasing numbers of infection relapses due to immunosuppressive effects induced by 
reproduction may also contribute to this increase in prevalence.  Møller et al. (2003) notes 
multiple studies that found a high increase in parasite prevalence at the end of the breeding 
season, just as this study found, and attributed it to an increase in vector abundance, as well as 
deterioration of the immune system due to extensive reproductive effort.   
Interestingly, the temporal differences found in overall infection prevalence were 
distributed differently between sexes and age classes.  There was a significant difference in the 
increase in prevalence within males during the second nesting period.  Although prevalence in 
females increased during the second clutch as well, this increase was not significant.  
Mechanisms behind these finding may involve differences in hormones and hormone-levels 
during the breeding season between sexes (Deviche et al. 2001a; Deviche and Parris 2006) or 
differences in behavior that may cause males to be more susceptible to Haemosporidia infection 
in June and July compared to females (Read 1988; Richner et al. 1995). 
Similarly, there was a significant increase in parasite prevalence in ASY birds during the 
second nesting period while no difference was found in SY birds.  There are multiple hypotheses 
that might serve to explain the differences in temporal variation of parasite prevalence between 
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older and younger birds.  Since ASY individuals have likely been exposed to more parasites for a 
longer period of time, they may be more susceptible to infection compared to SY individuals 
(Valkiūnas 2005; Garvin et al. 2003), although it is odd that this trend was not found during the 
entire breeding season.  Another possible reason for this variation between younger and older 
birds may be differences in hormone levels, which have been found to correlate with parasite 
susceptibility in other avian hosts (Deviche et al. 2001a; Deviche and Parris 2006; Garvin and 
Schoech 2006).  Lastly, differences in behavior and in immune system function could cause 
differences in parasite prevalence between older and younger birds as well.   
Based on the complexity of these host-parasite systems, it is highly likely that the 
hypotheses presented above are not mutually exclusive and may interact in different ways, thus 
affecting the likelihood of infection throughout the breeding season.   
Associations between Reproductive Success and Parasite Prevalence 
Reproductive Success by Clutch 
Five reproductive parameters were analyzed after dividing the data by clutch.  The 
parameters of interest included laying date (for the first clutch only), clutch size, proportion of 
hatched nestlings, nestling success, and the number of unhatched eggs.  Age was considered a 
covariate in all of these analyses.  None of the five measured parameters resulted in a significant 
difference between infected and uninfected females.  
Total Reproductive Success by Age Class 
A second analysis of the reproductive data was conducted that separated females by age 
and analyzed their reproductive success throughout the entire season.  Again, no significant 
differences were found in any of the reproductive parameters (total clutch size, total nestling 
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success, proportion of eggs that hatched, and the total number of unhatched eggs) for ASY or SY 
females.   
One possible reason for the absence of an association between reproductive effort and 
infection status might be the parasites’ lack of virulence.  Since these birds do not face any 
obvious mortality due to Haemosporidia infection, it is likely that the majority of the parasites 
found in this population do not have a measurable effect on the reproductive fitness of their 
hosts.  If reproductive effort of infected females were compared based on the specific type of 
infection (i.e. based on genera, species, or lineage), then some Haemosporidia might be 
associated with negative effects on host reproduction while others might not.   
It would also be interesting to examine infection intensity using Real Time PCR, which 
can quantify the infection level.  Since the prevalence of Haemosporidia is so high during the 
breeding season in this population of Prothonotary Warblers, it is likely that many of the 
individuals have chronic infections that do not exhibit any detrimental effects, but others may 
have higher levels of parasitemia (number of infected erythrocytes per total erythrocyte count) 
which do harm these hosts.  Also, a threshold may exist where Haemosporidia has a large effect 
on the host once it has surpassed a given intensity. 
Furthermore, differences in fledgling success (as determined by survivorship of 
fledglings to one year of age) between infected and uninfected females would add to the 
understanding of the effects of Haemosporidia on fecundity of the Prothonotary Warbler.  This 
would be hard to accurately determine though considering the difficulty in tracking fledglings 
once they leave the nest. 
The published research that examines the association between reproductive success and 
Haemosporidia prevalence has found conflicting results.  Some studies have found that, in 
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accordance with the ‘resource-allocation hypothesis,’ individuals that maximize their 
reproductive effort tend to have higher parasite prevalence because they allot increased energy 
for the production of viable offspring, thereby compromising their immune-system (Norris et al. 
1994; Oppliger et al. 1997; Nordling et al. 1998).  However, these studies are rarely consistent in 
differences that they find upon measuring various reproductive parameters such as clutch size 
and nestling success.  Other studies have found negative effects of parasite loads on 
reproduction; thus, less ‘fit’ individuals are more vulnerable to parasitic infection and will have 
lower reproductive success than uninfected individuals, whether it is due to parasite infection or 
other congruent factors (Sanz et al. 2001; Allander and Bennett 1995; Merilä and Andersson 
1999; Marzal et al. 2008). 
The data presented here do not support either of these hypotheses.  As mentioned before, 
significant differences in the reproductive effort of infected and uninfected birds might be found 
if the genera of the parasites were analyzed, assuming that some are more virulent than others.  
Also, it is possible that these two mechanisms that affect host parasite susceptibility and 
reproduction interact in such a way that no clear patterns are apparent for either one. 
The response of the host’s immune system is hypothesized to be closely linked with 
reproductive effort and success of the host.  As a result, a number of avian ecologists have been 
interested in this trade-off between immune system maintenance and reproductive effort 
(Nordling et al. 1998; Gustaffson et al. 1994).  It is likely that there is an energy budget that 
birds use for daily maintenance and reproductive effort that is taxed during the breeding season 
when the birds are in the process of defending territories, producing eggs, and raising nestlings.  
It is not implausible to predict that when energy is used for these activities, other physiological 
systems may suffer.  An example of this would be suppressed immunocompetence that has been 
 38 
 
noted to occur during the breeding season in many passerine species, as indicated by increase in 
infection prevalence (Applegate 1970; Deviche et al. 2001a).   
In a cross-species analysis, Møller et al. (2003) suggests that avian hosts have evolved 
with their parasites in such a way that their immune system has adapted to the increasingly 
debilitating effects that the parasites induce as the breeding season progresses.  Upon compiling 
studies on numerous avian species, they found that spleen size and T-cell immune response were 
both significantly higher during the breeding season as compared to the non-breeding season.  
Thus, this demonstrates more support for the close relationship that Haemosporidian parasites 
and avian hosts have maintained over time. 
Female Infection Status and Nestling Growth Rate 
The last reproductive parameter that was monitored for some of the sampled females was 
nestling mass.  Nestlings were weighed at the time of banding and their age determined.   Mean 
mass was calculated for each clutch and these were regressed against their age for both infected 
and uninfected females.  No significant differences in nestling growth rate were found.  A 
difference might be observed if the sample size were increased, as information from only 7 
uninfected females were collected for this analysis. 
Parasite Lineages and Diversity 
Parasite diversity within host populations and within individual hosts has not been as well 
studied as the presence/absence of Haemosporidia parasites in certain species.  Of the three 
Haemosporidian parasites (Haemoproteus, Plasmodium, and Leucocytozoon), Plasmodium is the 
least prevalent across the continental U.S. compared to the other genera; however, compared to 
other geographic regions, the southeastern U.S. (including Virginia) had the highest prevalence 
of Plasmodium (Greiner et al. 1975). 
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Interestingly, all seven of the successfully sequenced samples in this study were of the 
Plasmodium genus, and male hosts were disproportionately represented compared to females.  It 
is unclear whether all identified lineages were of the Plasmodium genus due to a disproportionate 
number of Plasmodium infections within this population or the possibility that hosts with 
Haemoproteus infections are more likely to be infected by multiple parasites.  A larger sample 
size is needed to analyze these possibilities. 
The seven Plasmodium lineages were grouped into three distinct clades.  The first of 
these clades, which included parasites collected from one SY male sampled at Presquile NWR, 
one HY male sampled at Deep Bottom, and two males (one SY and one ASY) sampled from 
Dutch Gap, also included many other Plasmodium sequences collected from other Parulidae 
(Common Yellowthroat, Worm-eating Warbler, and Magnolia Warbler) sampled in the United 
States.  Additional North American hosts that harbored related parasites included Paridae (Tufted 
Titmouse) and Strigidae (Spotted Owl).  All of these hosts are common in the eastern United 
States with the exception of the Spotted Owl.  The Common Yellowthroat, Worm-eating 
Warbler, and Magnolia Warbler are all short distance migrants.  Common Yellowthroats and 
Worm-eating Warblers migrate between the eastern United States and Mexico.   
Also within this clade, were a few lineages collected in Australia and in the Caribbean.  
These were found in Monarchidae (Rufous Fantail), Pachycephalidae (Golden Whistler), and 
Mimidae (Brown Trembler) hosts.  These first two hosts are native to eastern Australia, and the 
third is only found in the Lesser Antilles.  None of these avian species are migratory.  This might 
suggest that this parasite lineage is fairly common and could have low host specificity, although 
the patterns of finding it in Parulidae hosts was quite strong.  It is possible that the Prothonotary 
Warblers may spend time in the Lesser Antilles during the winter, which would place it in close 
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proximity to the Brown Trembler, thus explaining these findings.  However, some of the other 
short distant migrants may also be exposed there as well.  It is interesting that the two host 
species endemic to Australia carry parasites that are so genetically similar to those found in the 
Prothonotary Warbler considering that these populations have no overlapping ranges.  This could 
be an indication of parasite introduction to different geographic areas via introduction of hosts 
due to human activities.  Some human activities that have been documented to result in the 
introduction of pathogens to new areas include transport of habitat material, and inadvertent 
transport of stowaway vectors in ships and sea freight (Hulme et al. 2008).  
As would be predicted, the lineages within the two Dutch Gap males were more closely 
similar than the lineages collected at Deep Bottom and Presquile NWR that were in the same 
clade.  This indicates that spatial patterns in parasite lineages would likely be found with a larger 
dataset because birds that are within closer proximity to each other are more apt to share the 
same parasites (Szymanski and Lovette 2005). 
The second clade that was generated contained a lineage found in another ASY male at 
Presquile NWR, in addition to similar lineages found in other North American hosts.  These 
included Parulidae (Common Yellowthroat), Passeridae (House Sparrow), Icteridae (Brown-
headed Cowbird), and Strigidae (Spotted Owl).  These findings indicate that this Plasmodium 
species could also have low host specificity, as has been found with numerous other Plasmodium 
lineages (Waldenstrm et al. 2002; Szymanski and Lovette 2005).  With the exception of the 
Spotted Owl, all of these species are found in the eastern United States and only the Common 
Yellowthroat migrates to Latin America.  The defined species, Plasmodium cathemerium, was 
also closely related to the lineages found in these birds.  This species is in the same sub-genus as 
Plasmodium relictum (Haemamoeba; Valkiūnas et al. 2007) and is commonly found in a variety 
 41 
 
of host species in Indonesia (Wierch et al. 2005).  Not a lot of information has been published on 
the geographic range of this Plasmodium species. 
The third clade that is apparent in the phlyogenetic tree includes Plasmodium lineages 
that were found in an ASY male from Presquile NWR and an ASY female from Deep Bottom.  
The lineages found within these two birds were closely related to a lineage found within a variety 
of South American birds.  This lineage was documented in a number of hosts native to Uruguay 
and Guyana, including:  Emberizidae (Blue-black Grassquit, Rufous-collared Sparrow), Icteridae 
(Yellow-rumped Cacique, Red-rumped Cacique, Chopi Blackbird), Furnariidae (Stripe-crowned 
Spinetail), Psittacidae (Red-shouldered Macaw), and Parulidae (White-browed Warbler, Golden-
crowned Warbler).  All of these birds are exclusive to South America, with the exception of the 
Red-rumped Cacique and the Golden-crowned Warbler, which are also found in Central 
America.  Because none of these birds overlap geographically with Prothonotary Warblers on 
their breeding grounds, the Prothonotary Warblers in this study may have acquired the infection 
on the wintering grounds and carried it to their breeding grounds, as was found to occur in a 
study of Haemosporidia distribution in a South American migratory species (Merino et al. 2008).  
However, that is not to say that transmission of the lineage is not possible on the breeding 
ground, depending on the competence of local vectors and other local host species.  In the future, 
this question may be resolved by sequencing Haemosporidia found in HY Prothonotary 
Warblers.  Additionally, a sister lineage to these three was found in Australia in a Monarchidae 
(Gray Fantail) host.  This species is found throughout Australia and New Zealand.  Again, it 
would be interesting to determine how two such closely related parasites were found in 
geographic areas that are so isolated from one another.  Also, it should be noted that lineages 
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found in Africa and Asia were not as closely related to those found in this population of 
Prothonotary Warblers compared to lineages found in other regions. 
There are various reasons that so few samples (8%) that were positive for Haemosporidia 
were sequenced successfully.  Some of the samples had non-specific bands that may have caused 
problems with the sequencing analysis.  Others may not have had enough of the amplified PCR 
product available to sequence successfully.  Lastly, it is possible that some of these birds had 
double-infections where they may have been parasitized by two or more species/lineages of 
Plasmodium and/or Haemoproteus.  There are few studies that discuss the incidence of multiple 
Haemosporidia infections within a single host.  Bensch et al. (2007) reports minimal incidence of 
double infection (1.8%), which was significantly lower than original estimate of 6.0%.  Another 
study on House martins found that approximately 16% of the sampled birds was infected with 
more than one type of parasite, thus it is not known how common multiple infections are in wild 
bird populations. 
Potential Factors that Affect Haemosporidia Prevalence 
The following segments explain various biological phenomena that may have affected the 
prevalence of Haemosporidia in this population of Prothonotary Warblers.  All three of these 
parameters (host behavior, vector ecology, and host endocrine function) can contribute to the 
dynamics of the host-parasite relationship, sometimes simultaneously. 
Vector Ecology and Host Behavior 
Vertical stratification can determine the areas within a forest canopy where vectors and 
their hosts are more likely to spatially coincide.  Greiner et al. (1975) analyzed the relationship 
between infection prevalence and nest height of avian hosts from numerous families.  In theory, 
Haemosporidia transmission should occur more often in birds that spend time in the mid-canopy 
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layer since this is where vector abundance is the highest (Greiner et al. 1975; Rohner et al. 
2000).  In the Parulidae family, Haemoproteus prevalence was found to be higher in low-canopy 
strata (0.3 - 3.0 m.) while Plasmodium prevalence was evenly distributed across vertical strata 
(Greiner et al. 1975).  Thus, warblers that spend more time in the lower canopy may have a 
higher prevalence of Haemoproteus than those that utilize other areas.   
Since the nest boxes in this Prothonotary Warbler study were placed approximately 1 – 2 
meters above the high tide mark and are within close vicinity to trees that line the river, it is 
likely that nesting birds would be exposed to both parasite genera (Greiner et al. 1975).  
Although field observations of adult Prothonotary Warblers defending territory and acquiring 
food for nestlings provide additional support for this relationship between vertical location of the 
host and potential vector location, all of the samples that were sequenced successfully were of 
the Plasmodium genus.  Even though this indicates that Plasmodium infection may be higher 
than previously predicted, more samples would have to be sequenced in order to support this 
hypothesis. 
Some species may demonstrate changes in behavior that correlate with changes in vector 
distribution over time.  Rohner et al. (2000) found that Great-horned Owls utilize different 
roosting areas during different parts of the year, and that their lower roost height during the 
summer may be due to higher black fly abundances higher in the canopy.  Although this 
modification of behavior as an anti-parasite tactic may occur in Prothonotary Warblers at certain 
times of year, it is likely that the need for invertebrate food sources take precedence over the 
potential acquisition of parasites transmitted by vectors that reside in the same areas as the food 
sources.  Thus, this could partially explain the high prevalence found in this warbler population. 
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Environmental variables such as temperature and humidity affect the development of the 
parasite within arthropod vectors, as well as the distribution of the vectors themselves, thus these 
variables affect transmission rates between vectors and hosts.  It has been found that the 
prevalence of infection is affected by both vector abundance, causing primary parasitemia, and 
relapse of formerly-acquired infections.  In some temperate areas, transmission can occur year-
round due to mild winters (Valkiūnas 2005). 
Temporal Trends in Vector Abundance 
The Virginia Mosquito Control Association (VMCA) samples Culex and Anopheles 
mosquitoes between the second week of May and the first week of November each year and 
applies larvicide treatments in drainage ditches along roadsides and in wooded, wetland areas.  
According to data collected by the VMCA during the summer of 2008, the overall abundance of 
mosquitoes increased from May through early July, and then started to decrease after the first 
week of August (Martin, J.C., VMCA, Henrico County).   
Anopheles abundance appeared to have two peaks, the first of which occurred between 22 
June and 12 July, and the second of which occurred between 20 July and 9 August.  The first of 
these two peaks was larger than the second, with mean abundance measurements of 199 
Anopheles and 150 Anopheles, respectively.  These are compared to an overall mean abundance 
of 71 Anopheles captured per two-week sampling interval when data from the entire 2008 season 
were combined (Martin, J.C., VMCA, Henrico County). 
Patterns in Culex abundances in the same area were much different than those for 
Anopheles.  Overall abundances of Culex were much greater than Anopheles, with an average of 
915 individuals captured per two-week sampling increment over the entire 2008 season (Martin, 
J.C., VMCA, Henrico County).  Culex abundance did not show a large peak during June and 
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July, as Anopheles did.  Instead, Culex abundances appeared to fluctuate as the season 
progressed.  It increased the most between 1 June and 14 June, decreased, and then peaked again 
at the end of June.  The highest number of individuals was captured between 8 June and 14 June 
(2,230 individuals; Martin, J.C., VMCA, Henrico County). 
Although data on Haemoproteus vectors are not available for this area, it is interesting 
that the abundance of Plasmodium vectors does correlate with the increased prevalence of 
Haemosporidia found in adult Prothonotary Warblers during the second nesting period in 2008.  
It appears that the increase in vector density between early June and mid-July may contribute to 
the higher incidence of infection prevalence.   
A study by Merilä et al. (1995) hypothesized that differences in Haemosporidia 
prevalence between regions could be indirectly caused by land use difference, which tends to 
alter vector diversity and abundance.  Other studies focusing on vector ecology have documented 
distinct differences in vector abundances based on environmental factors such as land use, 
hydrology, vegetation, temperature, precipitation, and elevation (DeGroote et al. 2007; Gibbs et 
al. 2006). 
Infection Relapse due to Endocrine Function 
Although the literature regarding hormone flux and parasite prevalence is scarce, various 
observational and experimental studies have demonstrated associations between increases in 
hormone levels and host susceptibility to infection (Applegate 1970; Deviche et al. 2001a; 
Deviche and Parris 2006; Garvin and Scheoech 2006).  Breeding hormones, such as testosterone 
and estrogen have been studied as well as stress hormones such as corticosterone.   Observational 
and experimental studies by Applegate (1970 and 1971) found that wild sparrows have a distinct 
increase in infection prevalence in the spring time that was highly correlated with increased 
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corticosterone levels.  Additionally, he concluded that, regardless of the time of initial infection, 
relapses occurred only during the spring.  A more recent study by Garvin and Schoech (2006) 
found similar results upon administering corticosterone to wild Blue Jays during the spring, but 
the positive correlation between coticosterone treatment and Haemoproteus prevalence only 
existed for female birds.  Additionally, they found no correlation between levels of breeding 
hormones and infection prevalence, unlike other researchers.   
Deviche et al. (2001a) did find a positive correlation between testosterone levels in male 
Juncos and prevalence of Haemosporidia.  Older males also had higher parasite prevalence 
compared with younger males in the middle of the breeding season, thus following the age-based 
differences in testosterone levels that also exist.  Interestingly, a later experimental study by 
Deviche and Parris (2006) found that higher levels of testosterone caused an increase in the 
intensity of infection by Leucocytozoon, but not the prevalence.  The same affect was not found 
in an analysis of Trypanosoma prevalence and intensity.  This indicates that testosterone may 
affect parasitemia of certain protozoans, but not others, and that infection prevalence and 
intensity do not always follow the same patterns. 
Conclusions 
The extremely high prevalence of Haemosporidia parasites within this population of 
Prothonotary Warblers indicates that this host-parasite system has likely been present for a long 
time since the prevalence of the parasite does not seem to have fatal effects on the host.  
Additionally, temporal variation in infection does occur in this population, as prevalence tends to 
increase throughout the breeding season.  However, there were differences found in comparing 
both sexes and age classes, indicating that other factors affect the host’s susceptibility to 
infection.  It is hypothesized that relapse in chronic infection accounts for the high prevalence 
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upon the bird’s arrival on the breeding grounds, and that prevalence increases throughout the 
breeding season as a result of higher transmission rates due to the increase in vector abundance 
towards the end of the breeding season.  Hormone function and immune system function are 
likely to play strong mechanistic roles in this temporal phenomenon as well. 
No associations were found between female Haemosporidia prevalence and reproductive 
success, based on clutch size, nestling success, proportion of nestlings that hatched, and number 
of unhatched eggs.  This indicates that this host-parasite system functions in such a way that the 
detrimental effects of the parasite are minimal.  Since virulence among parasite species within 
the Haemosporidia family varies, more detailed studies could determine if infection by certain 
Haemosporidia genera, species, or lineages do have a significant effect on fecundity of this 
population of Prothonotary Warblers. 
Suggestions for Future Studies 
Because this is the first study of its kind in the Prothonotary Warbler, there are numerous 
directions that could now be taken.  This study should be expanded over a spatial and temporal 
scale so as to gain a better understanding of the interactions between Haemosporidia parasites 
and their avian hosts.  It would be interesting to compare the prevalence of Prothonotary 
Warblers breeding at different latitudes and to continue the study during the non-breeding 
season.  Identifying the prevalence of Haemosporidia during fall migration and while the birds 
are on their wintering grounds could indicate the extent of infection relapse that occurs in the 
spring.   
Also, many more questions could be answered if blood from sampled birds was further 
analyzed to determine the prevalence of Plasmodium as compared with Haemoproteus, the 
intensity of the infections, incidence of multiple infections in single hosts, and the diversity of 
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the parasites within the host population, as determined by the number of species/lineages that are 
found.  It would also be interesting to conduct a spatial analysis to determine microhabitats 
where certain lineages of Haemosporidia tend to occur, as done by Wood et al. (2007) who 
studied parasite lineages and distribution within a population of Blue tits. 
It would be beneficial to catch HY birds on the breeding grounds right before their fall 
migration to study annual relapses in chronic infections and incidences of newly-transmitted 
infections.  The Haemosporidia prevalence found within this group could indicate the amount of 
transmission that occurs on the breeding ground.  Furthermore, corticosterone, testosterone and 
estrogen levels could be measured to further study infection relapse in older birds and the effects 
that hormone levels might have on it.  If this were done throughout the season, and if the 
intensity of Haemosporidia infection were regressed against levels of these hormones, it could 
indicate a relationship between these two variables, as suggested by numerous studies. 
Experimental studies could examine the consequences of artificially increasing hormone 
levels or treating certain groups of birds with anti-malarial drugs.  Additional reproductive 
studies could be performed if parasite data were gathered from females during multiple 
consecutive years.  This would allow for the identification of any time-lag that occurs between 
timing of parasitic infection and reproductive effects that are later demonstrated.  Although it 
would be difficult to do, much information could be gathered by infecting HY birds and 
maintaining them in an aviary free of insect vectors so as to examine cases of relapse in infection 
over time. 
Other studies could compare Haemosporidia prevalence throughout the year in migratory 
and non-migratory Parulidae species.  Few studies have analyzed how migration affects parasite 
prevalence and intensity.  Figuerola and Green (2000) found that waterfowl that migrated long 
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distances, not only were host to a higher diversity of haematozoa species, but also had a higher 
infection prevalence.  Studies such as this one would provide more information regarding the 
role of migration and the prevalence of Haemosporidia in migratory and non-migratory 
populations.  
Lastly, since density of both hosts and vectors affect the rate of disease transmission, an 
analysis of nest box density and arthropod density could potentially explain any differences that 
might be found in Haemosporidia intensity or in the prevalence of certain Haemosporidia species 
between study sites in this Prothonotary Warbler population.   
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Table 1:  Total Haemosporidia prevalence in Prothonotary Warblers during the 2008 breeding 
season at all three site locations, separated by sex and by age class.  M = Male; F = Female; 
ASY= After Second Year; SY = Second Year; AHY = After Hatch Year. 
 
  Sex Age 
Site M (%) F (%) ASY (%) SY (%) AHY (%) 
DB 80.9 76.3 81.0 62.5 77.8 
DG 79.2 54.8 56.3 78.3  --  
PNWR 63.6 77.5 75.0 62.5 60.0 
Total 73.1 70.6 72.2 70.2 71.4 
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Table 2:  Differences in Haemosporidia prevalence between sexes and age classes during both 
clutches in the summer of 2008.  Prevalence was significantly higher in males and in older birds 
during the second clutch ( p > 0.050). 
 
  Sex Age 
Clutch  M (%) F (%) ASY (%) SY (%) AHY (%) 
Clutch 1 62.3 * 64.1 61.6 * 66.7 69.2 
Clutch 2 89.3 * 71.4 80.8 * 71.0 100.0 
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Table 3:  Haemosporidia infection status of recaptured, individual Prothonotary Warblers.  The 
following table shows the number of birds that changed infection status between times of capture 
and those that showed the same infection status.  N = negative for Haemosporidia and P = 
positive for Haemosporidia. 
 
Direction of 
Change N to P P to N 
No Change: 
Positive 
No Change: 
Negative 
No. Recaptured 
Individuals 
4 5 5 2 
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Table 6:  A list of seven Prothonotary Warbler samples from which Haemosporidia DNA were 
successfully sequenced.  This table gives the sample number, the date the bird was captured, the 
site at which it was caught, its age, and its band number.  DB = Deep Bottom; Dutch Gap = DG; 
PNWR = Presquile NWR; ASY = After Second Year; HY = Hatch Year; SY = Second Year. 
 
Sample # Capture Date Site Sex Age Band# 
95 5/2/2008 PNWR M ASY 2540-20225 
97 5/5/2008 PNWR M ASY 2540-20226 
229 6/17/2008 PNWR M SY 2500-15241 
148 7/4/2008 DB F ASY 2430-20308 
232 7/4/2008 DB M HY 2540-19866 
240 7/8/2008 DG M SY 2500-46427 
241 7/8/2008 DG M ASY 2450-33649 
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Figure 1:  A general overview of the (a) Haemoproteus and (b) Plasmodium lifecycle (Valkiūnas 
2005).  Both life cycle diagrams show the stages of the parasite in the avian host and the 
arthropod vector.  The dashed line represents the precursory steps to sexual reproduction.   
(b) 
(a) 
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Figure 2:  Nest box locations at three study sites along the James River where Prothonotary 
Warblers were sampled during the 2008 breeding season.  Nest boxes at Dutch Gap are shown 
using green symbols, those at Deep Bottom are shown in orange, and those at Presquile NWR 
are symbolized in blue. 
Richmond 
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Figure 3:  Electrophoresis of a conserved region of the cytochrome b gene in the 
mitochondrial DNA of Prothonotary Warblers sampled on their breeding grounds in 2008.  
Successful amplification of the warbler’s DNA was determined by the presence of a DNA 
fragment of approximately 280 base pairs.  The list below states the bird band number 
from each sample shown here, as well as the two controls.  Low molecular weight DNA 
markers were used to identify the length of DNA fragments. 
 
Lane Band No. Lane Band No. Lane Band No. Lane Band No.
1 DNA Marker 11 2500-46249 1 DNA Marker 11 2540-20229
2 2350-11090 12 2360-67173 2 2450-33096 12 2500-15902
3 2500-46469 13 2450-33004 3 2360-11680 13 2500-15907
4 2500-46360 14 2430-20115 4 2430-20321 14 2500-15743
5 2460-19902 15 2250-49496 5 2360-11431 15 2440-79405
6 2540-05502 16 2450-33003 6 2500-15368 16 − − − − − −
7 2540-05602 17 2450-33452 7 2440-80159 17 Positive Control
8 2540-05501 18 2350-11091 8 2460-19985 18 − − − − − −
9 2500-46430 19 2450-33693 9 2440-79528 19 Negative Control
10 2500-46287 20 DNA Marker 10 2540-20292 20 DNA Marker
TOP ROW BOTTOM ROW
 
500 bp 
766 bp 
200 bp 
500 bp 
766 bp 
200 bp 
1     2     3     4     5     6    7     8     9   10   11  12   13   14   15   16   17   18   19   20  
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Figure 4:  Electrophoresis of the cytochrome b gene from Haemosporidia mtDNA found 
in the blood samples of breeding Prothonotary Warblers.  The presence of absence of a 
DNA fragment of approximately 520 base pairs in length indicates the presence or absence 
of the Haemosporidia parasite.  The list below states the bird band number from each 
sample shown here, as well as the two controls.  Low molecular weight DNA markers 
were used to identify the length of DNA fragments. 
 
Lane Band No. Lane Band No. Lane Band No. Lane Band No.
1 DNA Marker 11 2500-46766 1 DNA Marker 11 2400-47630
2 2440-79720 12 2540-05505 2 2350-11195 12 2440-79228
3 2280-97486 13 2500-46210 3 2360-67173 13 2540-70607
4 2200-92494 14 2500-46290 4 2350-11091 14 Positive Control
5 2500-15283 15 2450-33203 5 2450-33119 15 Negative Control
6 2440-79740 16 2450-33014 6 2440-79443
7 2360-11595 17 2500-46748 7 2440-79571
8 2540-19939 18 2450-32910 8 2540-20546
9 2500-46397 19 2350-11092 9 2540-20552
10 2500-46201 20 DNA Marker 10 2440-79179
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Figure 5:  Prevalence of Haemosporidia in Prothonotary Warblers sampled during the 
2008 breeding season at each of the three study sites.  Sample sizes are shown above each 
column.  DB = Deep Bottom; DG = Dutch Gap; and PNWR = Presquile NWR. 
n = 59 
   n = 55 
n = 73 
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Figure 6:  Haemosporidia prevalence of Prothonotary Warblers grouped by host age.  The 
oldest age group included birds that were 5, 6, and 7 years old.  Overall, the youngest and 
older age groups had the highest infection prevalence. 
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Figure 7:  Haemosporidia prevalence in sampled Prothonotary Warblers during the first 
clutch (April – May) and second clutch (June – July ) sampling periods.  Prevalence during 
the second clutch was significantly higher than prevalence during the first clutch (p < 
0.05).  Sample sizes are shown above each column. 
* 
    n = 117 
n = 84 
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Figure 8:  Trends in Haemosporidia prevalence identified in Prothonotary Warblers 
throughout the breeding season in two-week increments.  (a)  The percent of positive birds 
during each discrete time period with the sample size and (b) the number of positive birds 
caught within each time increment.  Sampling increments:  1 = April 13-April 26; 2 = 
April 27-May 10; 3 = May 11-May 24; 4 = May 25-June 7; 5 = June 8-June 21; 6 = June 
22-July 5; and 7 = July 6-July 19.  Note that only two birds were sampled during time 
increment 4 since this was the period of reduced activity between the two clutches.   
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Figure 9:  Prevalence of Haemosporidia in male and female Prothonotary Warblers during 
both clutches, and as well as results upon combining sexes.  Prevalence was significantly 
different between males in clutch 1 and 2 and in the total prevalence between clutches (p < 
0.050), but there was no significant change in females (p > 0.050). 
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Figure 10:  Prevalence of Haemosporidia in ASY and SY Prothonotary Warblers for 
during clutches, and both age groups combined.  Prevalence was significantly different 
between older birds in clutch 1 and 2 and in the total prevalence between clutches (p < 
0.050), but there was no significant change in younger birds between the two clutches (p > 
0.050). 
* *   
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Figure 11:  Comparisons of Haemosporidia prevalence found in Prothonotary Warblers 
between (a) sexes and (b) age classes during each nestling period (Clutch 1 and Clutch 2).  
(a) 
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Figure 12:  Regression of mean nestling mass by nestling age at the time of weighing for 
(a) uninfected females and (b) infected females.  The age-weight relationships for the 
offspring of uninfected females (n = 7) and for infected females (n = 16) are shown in the 
figures above.  The rate of growth, appears to be higher in offspring of infected adults as 
opposed to uninfected adults, but this difference is not significant (p > 0.050). 
(a) 
(b) 
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Host Band Number:  2500-15241 (Sample 229) 
1 
61 
121 
181 
241 
301 
361 
ATCATTTGTATTTATTCTTACATATTTACATATTTTAAGAGGATTAAATTATTCCTATTC 
TTATTTACCTTTATCATGGATATCAGGATTAATAATATTTTTAATATCAATAGTTACTGC 
TTTTATGGGATATGTATTACCTTGGGGTCAAATGAGTTTCTGGGGTGCAACCGTCATTAC 
TAATTTATTATATTTTATACCTGGTCTTGTTTCATGGATCTGTGGTGGATATCTTGTAAG 
CGACCCAACATTAAAAAGATTTTTTGTATTACATTTTATATTTCCATTTATAGCCTTATG 
TATTGTATTTATACATATATTCTTTCTACATTTACAAGGTAGCACAAATCCTTTAGGGTA 
TGATACAGCTTTAAAAATACCCTTCTATCCAAATCTATTAA 
Host Band Number:  2540-19866 (Sample 232) 
1 
61 
121 
181 
241 
301 
361 
CAGGTGCATCATTTGTATTTATTCTTACATATCTACATATTTTAAGAGGATTAAATTATT 
CTTATTCTTATTTACCTTTATCATGGATATCAGGATTAATAATATTTTTAATATCAATAG 
TTACTGCTTTTATGGGATATGTATTACCTTGGGGTCAAATGAGTTTCTGGGGTGCAACCG 
TCATTACTAATTTATTATATTTTATACCTGGTCTTGTTTCATGGATTTGTGGTGGATATC 
TTGTAAGCGACCCAACATTAAAAAGATTTTTTGTATTACATTTTATATTTCCATTTATAG 
CCTTATGTATTGTATTTATACATATATTCTTTCTACATTTACAAGGTAGCACAAATCCTT 
TAGGGTATGATACAGCTTTAAAAATACCCTTCTATCCAAATCTATTAA 
Host Band Number:  2450-33649 (Sample 241) 
1 
61 
121 
181 
241 
301 
AGTGTACCTTTATCATGGATATCAGGATTAATAATATTTTTAATATCAATAGTAACTGCT 
TTTATGGGATATGTATTACCTTGGGGTCAAATGAGTTTCTGGGGTGCAACCGTCATTACT 
AATTTATTATATTTTATACCTGGTCTTGTTTCATGGATCTGTGGTGGATATCTTGTAAGC 
GACCCAACATTAAAAAGATTTTTTGTATTACATTTTATATTTCCATTTATAGCCTTATGT 
ATTGTATTTATACATATATTCTTTCTACATTTACAAGGTAGCACAAATCCTTTAGGGTAT 
GATACAGCTTTAAAAATACCCTTCTATCCAAATCTATTAAGTC 
Host Band Number:  2500-46427 (Sample 240) 
1 
61 
121 
181 
241 
301 
361 
GGTGCATCATTTGTATTTATTCTTACATATTTACATATTTTAAGAGGATTAAATTATTCC 
TATTCTTATTTACCTTTATCATGGATATCAGGATTAATAATATTCTTAATATCAATAGTA 
ACTGCTTTTATGGGATATGTATTACCTTGGGGTCAAATGAGTTTCTGGGGTGCAACCGTC 
ATTACTAATTTATTATATTTTATACCTGGTCTTGTTTCATGGATCTGTGGTGGATATCTT 
GTAAGCGACCCAACATTAAAAAGATTTTTTGTATTACATTTTATATTTCCATTTATAGCC 
TTATGTATTGTATTTATACATATATTCTTTCTACATTTACAAGGTAGCACAAATCCTTTA 
GGGTATGATACAGCTTTAAAAATACCCTTCTATCCAAATCTATTAA 
Host Band Number:  2540-20225 (Sample 95) 
1 
61 
121 
181 
241 
301 
361 
ATATTTTAAGAGGATTAAATTATTCTTACTCATATTTACCATTATCATGGATTTCAGGAT 
TAGTTATATTTTTAAATCTATAGTTACAGCTTTTATGGGATATGTATTACCTTGGGGTCA 
AATGAGTTTTTGGGGAGCAACTGTAATTACTAATTTACTATATTTTATCCCTGGACTTGT 
TTCATGGATTTGTGGTGGATATCTTGTTAGTGACCCAACACTAAAAAGATTTTTTGTATT 
ACATTTTACATTTCCATTTATAGCTTTATGTATGGTATTTATACATATATTCTTCTTACA 
TTTACAAGGTAGCACTAATCCTTTAGGGTATGATACTGCTTTAAAAATACCCTTCTATCC 
AAATCTATTAAGTCTTGATATAAAAGGATT 
Host Band Number:  2540-20226 (Sample 97) 
1 
61 
121 
181 
241 
301 
361 
ATTATTTACATATTTTAAGAGGATTAAATTATTCATATTCATATTTACCTTTATCATGGA 
TATCTGGATTACTTATATTTTTAATATCTATTGTAACAGCTTTTATGGGTTATGTATTAC 
CTTGGGGTCAAATGAGTTTCTGGGGAGCAACAGTTATTACTAATTTATTATATTTTATAC 
CTGGACTTGTTTCATGGATATGTGGTGGATATCTTGTAAGTGACCCAACCTTAAAAAGAT 
TCTTTGTATTACATTTTACATTTCCATTTATAGCCTTATGTATTGTATTTATACATATAT 
TCTTTTTACATTTACAAGGTAGCACAAATCCTTTAGGGTATGATACAGCTTTAAAAATAC 
CCTTCTATCCAAATCTTTTAA 
 
Figure 13:  Sequences from the cytochrome b gene of Haemosporidia found in the 
peripheral blood of seven Prothonotary Warblers in Virginia. 
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Figure 14:  A phylogenetic tree depicting relatedness among Plasmodium sequences from 
seven Prothonotary Warblers (Parulidae) captured on their breeding grounds, as well as 
related sequences identified in other avian families within other geographic areas.  
Haemoproteus are shown as an outgroup.   Relationships are shown with their 
corresponding bootstrap values (%).  The samples from this study are:  #240, #241, #232, 
#229, #97, #95, and #148.   Specific information regarding these samples can be viewed in 
Table 6.  Information regarding all other lineages can be found in Appendix IV.  AU = 
Australia; AF = Africa; AS = Asia; EU = Europe; LA = Latin America; NA = North 
America; SA = South America. 
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CHAPTER 2 
Incidence of Haemosporidia Infection in Hatch Year  
Prothonotary Warblers (Protonotaria citrea) 
 
INTRODUCTION 
Although numerous studies have analyzed the prevalence of Haemosporidia in 
avian hosts, these have mainly focused on parasite prevalence in adult birds.  Rarely have 
researchers looked for infection in Hatch Year (HY) birds.  Determining the presence of 
some endoparasitic infections in nestling birds can be difficult, if not impossible, due to the 
prepatent period of the parasite.  Because Haemoproteus has a prepatent period of at least 
11 days (Valkiūnas 2005), even if a passerine nestling were infected within the first few 
days of hatching, it would be unlikely that the infection would be prominent in the 
peripheral blood before the bird fledged.   
To my knowledge, there has been only one incidence of this parasite genus found 
within nestling passerines.  In this case, Valkiūnas (2005), detected Haemoproteus in 2 
nestling Fringilla coelebs (Chaffinch) out of 40 that were removed from their nests at 6-12 
days of age and brought into the laboratory.  One study by Weatherhead and Bennett 
(1990) sampled 119 nestling Agelaius phoeniceus (Red-winged Blackbirds) and found 
only one that was infected with Plasmodium.  This nestling was considerably older (11 
days) than the mean age at which the nestlings were sampled (6-7 days).  More commonly, 
Leucocytozoon and Trypanosoma have been found in nestling birds (Merino and Potti 
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1995; Merino et al. 1996; Remple 2004). These two genera of Hematozoa are also found in 
the blood.  Leucocytozoon is within the Haemosporidia family and closely related to 
Plasmodium and Haemoproteus, while Trypanosoma is in the Trypanosomatida family.   
HY birds that are caught after fledging from the nest are more likely to demonstrate 
infection with Haemosporidia because they will have had a longer time to become exposed 
to the Haemosporidia parasites, thus primary parasitemia is more likely to be established.  
Studies of HY birds are important in that they indicate the occurrence of breeding ground 
transmission of certain parasites.  They also may allow researchers to identify specific 
times during the breeding season where transmission rates peak.   
A survey of an avian community in the southeastern United States by Ricklefs et al. 
(2005b) discovered Haemoproteus infections in a number of HY birds.  Many of these 
hosts were in the Parulidae family including the Helmitheros vermivora (Worm-eating 
Warbler), Icteria virens  (Yellow-breasted Chat), Mniotilta varia (Black-and-white 
Warbler), Parula Americana (Northern Parula), and Wilsonia citrina (Hooded Warbler).  
Also, a study of three Hawaiian species found Plasmodium in the peripheral blood of HY 
birds; however, prevalence was relatively low compared to older birds (Atkinson et al. 
2005).   
Objectives 
This preliminary study aims to identify any incidence of Haemosporidia in Hatch 
Year (HY) Prothonotary Warblers (Protonotaria citrea) on the breeding grounds in central 
Virginia, as a means of documenting the occurrence of breeding-ground transmission of 
this parasite family. 
  72 
METHODS 
Blood samples from nestlings were collected at all three study sites (Dutch Gap, 
Deep Bottom, and Presquile NWR) at the end of each of the two nesting periods during the 
summer of 2008 (see Chapter 1).  109 blood samples were collected from 3 to 8-day-old 
nestlings.  One spot of blood was collected from the tarsal vein of each nestling.  Of these, 
34 were screened for Haemosporidia.  11 of these nestlings were collected at Deep Bottom, 
8 at Dutch Gap, and 15 at Presquile NWR.  28 of these nestling samples were collected at 
the end of the first clutch (21 May through 27 May) and 6 were collected during the second 
clutch (10 June through 7 July).  Additionally, two HY birds that were caught at 
approximately six weeks of age were also screened for Haemosporidia.  These two birds 
(one male and one female) were captured at Deep Bottom on 4 July 2008.  Both were 
siblings and products from a nest produced during the first clutch (hatched on 25 May 
2008). 
Laboratory protocols for these nestling samples were the same as those for the adult 
birds and are thoroughly documented in the ‘Laboratory Methods’ section of Chapter 1 of 
this thesis.  Due to time constraints, only a single round of amplification of both the 
warbler DNA as well as the Haemosporidia DNA was attempted.  Thus, this chapter only 
intends to document whether or not Haemosporidia is present in HY birds.   
RESULTS  
 Of the 34 nestling samples (collected from 16 broods) that were processed, 9 
(26.5%) were distinctly positive for Haemosporidia based on the size of the amplified 
DNA fragment, while an additional 16 samples displayed fragments that were questionable 
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(due to either the presence of a very faint band or many bands in the agarose gel), thus a 
second PCR needs to be performed for these.   
 Of the nine nestlings that were found positive for Haemosporidia infection, five of 
them were from Deep Bottom, one was from Dutch Gap, and three were from Presquile 
NWR.  Two of the positive nestlings from Deep Bottom were siblings (collected from the 
same nest, during the same clutch).  The infection status of the maternal parent was only 
known for one of these 9 nestlings.  Table 7 lists the 9 positive nestlings, their nest 
location, and information regarding the adult female. 
Both HY individuals that were captured at approximately 6 weeks of age were 
infected with Haemosporidia.  The amplified Haemosporidia from the captured male 
(#232) was sequenced successfully (see Chapter 1), and a Plasmodium lineage was 
identified that was closely related to lineages found in a SY male at Presquile NWR and an 
ASY and SY male captured at Dutch Gap.  These lineages were grouped within the first 
clade of the phylogenetic tree shown in Figure 14 of Chapter 1. 
DISCUSSION 
 Of the 36 HY Prothonotary Warbler samples that were tested, 30.5% were positive 
for Haemosporidia, but upon further analysis, a much higher percentage may be found to 
be positive.  The fact that Haemosporidia does occur in HY Prothonotary Warblers 
indicates the occurrence of breeding ground transmission by local vectors.  The prevalence 
of Haemosporidia in nestling Prothonotary Warblers may be higher than previously 
expected.  It will be very interesting to conduct genus-specific PCRs as a means of 
identifying the occurrence of Haemoproteus versus Plasmodium.  However, based on the 
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extended prepatent period of Haemoproteus, it is likely that the infections found in the 
nestling birds are a result Plasmodium infection. 
Sequencing will be a useful means of verifying these positive results and 
identifying whether the parasites within these HY birds are common to this geographic 
region, or if some are similar to parasites collected in host species residing in other areas 
such as the tropics.  Interestingly, some of the HY birds collected by Ricklefs et al. 
(2005b) in Missouri were infected with parasite lineages common to Latin America, 
indicating that these parasites have competent vectors in both the tropics and in temperate 
regions.   
It would be beneficial to obtain a larger sample size of HY birds that are in 
different stages of growth (i.e. nestling, fledgling, post-fledge) and look for increasing 
trends in parasite prevalence with increasing age.  Comparing parasite prevalence of HY 
birds between clutches, as done with adults in the first chapter, may indicate temporal 
differences in transmission rates.  If these temporal trends were monitored across years, 
comparisons to climatic factors such as precipitation and temperature might also be made. 
Lastly, studies focusing on relationships between nestling pathogen prevalence and 
prevalence within the maternal parent may also indicate trends in acquired immunity, the 
potential for immunity to be transferred from mother to offspring, and associations 
between host fitness and territory quality. 
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Table 7:  A list of nine Prothonotary Warbler nestlings that screened positive for 
Haemosporidia infection including sample date, nest locations (by site and by box), and 
band numbers, in addition to the band number, age, and infection status of the maternal 
parent.  Data that are not available are indicated by ‘n/a.’  DB = Deep Bottom; DG = Dutch 
Gap; PNWR = Presquile NWR; ASY = After Second Year; SY = Second Year;  
N = Negative for Haemosporidia 
 
Date Site Box 
Nestling 
Band No. 
Female 
Band No. 
Female 
Age 
Female Infection 
Status 
5/22/2008 DB 277 2500-15485 2500-15383 n/a n/a 
5/22/2008 DB 277 2500-15483 2500-15383 n/a n/a 
5/22/2008 DB 237 2500-15476 2440-79900 n/a n/a 
5/22/2008 DB 89 2500-15469 2440-80175 n/a n/a 
5/22/2008 DB 63 2500-15380 2400-47058 ASY n/a 
5/23/2008 DG K13 2450-32976 2360-67173 ASY N 
5/27/2008 PNWR 17 2540-20350 2500-15670 SY n/a 
6/10/2008 PNWR 302 2540-20299 2500-15985 ASY n/a 
6/10/2008 PNWR 285 2540-20297 2540-20486 ASY n/a 
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CHAPTER 3 
A Spatial Analysis of Haemosporidia Prevalence in  
Breeding Prothonotary Warblers (Protonotaria citrea) 
 
INTRODUCTION 
 Geographic Information Systems (GIS) is a useful tool that gives scientists the 
ability to map spatial phenomena and to organize immense amounts of data into concise 
tables that can easily be queried.  It has become widely used in environmental and 
ecological fields and is also common in studies of epidemiology that focus on monitoring 
the spread of infectious diseases or factors that influence environmental and human health.  
The United States Center for Disease Control has used GIS in their assessments of 
infectious diseases since the 1990s because it is helpful in identifying spatial patterns in 
environmental variables that affect the spread of certain diseases (Kistemann et al. 2002). 
 GIS is used to map where a disease occurs so aspects such as transmission rates and 
associations with at-risk populations can be identified.  Various studies have analyzed the 
occurrence and spread of such zoonotic diseases as plague, West Nile Virus, and Lyme 
disease (Eisen and Eisen 2008; Glass et al. 1995).  Numerous studies have focused on the 
spatial and temporal trends in vector abundance that affects the spread of diseases, such as 
West Nile Virus and avian malaria, caused by Haemosporidia parasites (Rochlin et al. 
2008; DeGroote et al. 2007).  The incidence and spatial variation in certain diseases can 
even be determined on a smaller geographic scale, as demonstrated by Wood et al. 2007, 
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who analyzed spatial distribution in Haemosporidia parasite lineages within a study area of 
approximately 385 hectares in area (~1.5 sq. miles).   
 When analyzing the prevalence of a vector-borne disease, GIS can be helpful in 
mapping the disease, thus identifying likely areas of high vector density.  Areas with 
higher disease prevalence could indicate locations where environmental conditions are 
optimal for the disease-specific vectors.  Another advantage of GIS is the ability to predict 
the occurrence of disease based on known patterns in disease distribution.  Interpolation is 
one technique that can be used to predict why a disease may be more common in certain 
areas and can allude to factors that affect its distribution.  There are three interpolation 
commonly used interpolation methods.  These include natural neighbor interpolation, 
inverse distance weighted (IDW) interpolation, and a statistical interpolation technique 
called Kriging. 
 Functions in GIS also allow one to examine the spatial relationships between data 
points in order to look for similarities within the data themselves and their spatial 
locations.  This relationship is known as an autocorrelation and GIS can assess the strength 
of autocorrelations using spatial statistics.  A positive autocorrelation indicates that data 
are clustered and closely related to each other, where as a negative autocorrelation 
indicates that data are not related to each other.  Both scenarios indicate that a spatial 
relationships exists in the distribution of the data (Legendre 1993).  This allows patterns to 
be accessed via statistical analyses, rather than based upon visual comparisons alone. 
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This Prothonotary Warbler study used nest boxes as unique geographic locations 
and parasite data were appended to these boxes so as to analyze disease distribution in 
three study areas along the James River (Deep Bottom, Dutch Gap, and Presquile NWR). 
Objectives 
 This study aims to use GIS to assess any trends that might occur in the distribution 
of Haemosporidia parasites within Prothonotary Warblers on their breeding grounds.  
Specifically, I will (1) compare Haemosporidia prevalence of Prothonotary Warblers 
captured along the river main stem with those captured in interior creeks and lagoons 
during the 2008 breeding season; and (2) model areas of higher and lower prevalence using 
three different interpolation techniques and to compare the outcomes of these three models; 
and (3) use spatial statistics to determine if Haemosporidia prevalence within a bird at a 
nest box is influenced by the prevalence status of birds at neighboring boxes. 
METHODS 
 Adult Prothonotary Warblers were captured during the 2008 breeding season in or 
close to nest boxes that were also marked using hand-held GPS units.  All nest boxes were 
established previously at three study sites along the James River, southeast of Richmond 
(see Figure 2 in Chapter 1).  These nest boxes were placed either along the shore of the 
James River or within creeks and lagoons that stemmed from the river into the surrounding 
palustrine wetlands, dominated by emergent wetland vegetation and stands of hardwood 
trees. 
Blood samples from the adult Prothonotary Warblers were screened for the 
presence or absence of Haemosporidia parasites using Polymerase Chain Reaction (PCR) 
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(see detailed ‘Laboratory Methods’ in the first chapter of this thesis).  Birds were 
characterized as either positive or negative for the infection and a tabular dataset was 
generated that listed the total number of infected birds caught throughout the season at 
each box, and the total number of captured birds at each box. 
These data were divided by site and were joined to the data layers depicting the 
geospatial location of the nest boxes, using the box number as the unique identifier.  Upon 
appending this information to the data layer for each site, the Haemosporidia data were 
symbolized after creating a ratio to standardize the proportion of infected birds caught at 
each nest box by relating it to the total number of birds caught at the same location 
(number of infected birds / total birds).   
A map for each site was created that depicted infection prevalence at each box 
throughout the entire season.  Nest boxes were separated by their location, based on if the 
box was located along the river mainstem or within creeks and lagoons adjacent to the 
river.  A new field was added to the attribute table for each site that stated the basic 
location of the nest box (either ‘River Front’ or ‘Interior’).  Summary statistics were used 
to create a table for each site that showed the sum of the number of infected birds and the 
total birds that were captured along the main river and within creeks and lagoons.  Upon 
calculating the ratio of infected birds to the total number of birds caught at each box 
location, the prevalence of infected birds was compared based on their basic location using 
a Student’s T-test.  If the assumptions of normal distribution and equal variance were 
violated than a non-parametric Mann Whitney U test was performed.  These analyses were 
conducted using SPSS 17.0 (SPSS 17.0, SPSS Inc). 
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 Nearest neighbor, IDW, and Kriging interpolations were then used to predict 
Haemosporidia prevalence within the study sites, based on the extent of the collected and 
mapped data.  The data points were the infection ratios at each nest box throughout the 
breeding season.  Three interpolations were performed for each study site.  The natural 
neighbor techniques uses Thiessen polygons that each encapsulate a single known data 
point and other points are estimated based on the distance of the known points to each 
other and their values.  This model is especially advantageous when working with a 
clumped, and irregularly spaced dataset.  IDW interpolates a surface area by estimating the 
value of unknown points based on the average of known “neighbors.”  This technique 
produces the best results with data that are evenly spread across a region of interest.  Both 
natural neighbor and IDW techniques are deterministic processes because they rely solely 
on known data values that are in close vicinity to areas of interpolation.  Kriging utilizes a 
different technique to estimate values in a spatial extent.  It is a geostatistical process that 
takes into account all known points within a certain radius and uses a statistical algorithm 
to generate estimated values for unknown points (ArcGIS Desktop Help ESRI, Inc.).   
The resulting models generated cells with a value between 0.00 and 1.00.  Because 
a floating point raster was first created by the three models, the resulting data were 
converted to integer rasters using the INT function within the raster calculator.  All cells 
were multiplied by 100 to output whole numbers that were directly proportional to the 
original values.   
Three new fields were added to the attribute table of each resulting raster.  The first 
allowed for the conversion of the magnified cell values back to their original values 
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(between 0.00 and 1.00).  The second was used to calculate area in meters, and the last was 
used to calculate area in kilometers.   
Maps were made for each site that compared the three interpolations after 
classifying them into 5 categories using the natural breaks method, which divides data into 
categories based on natural gaps in the dataset.  The resulting data were exported and the 
total area for each category was calculated.  Histograms showed the differences in 
infection predictions for each site, based on the type of model that was used.   
In order assess trends in spatial autocorrelation, boxes at all sites were designated 
as either Positive or Negative for Haemosporidia (regardless of the proportion of infected 
birds that were collected their) and spatial statistics were calculated to assess the likelihood 
of infection based on the infection status of local neighbors.  Moran’s I tool was used to 
assess infection pattern based on two threshold distances:  (1) a 115 m. radius 
encompassing local neighbors and (2) a 230 m. radius encompassing local and more 
distant neighbors.  This second set of analyses was performed because some of the boxes 
did not have any other boxes within 115 m. of them, thus statistical assessment would not 
be reliable for these.  The first threshold radius was set at 115 m. because this is the 
approximate area surrounding a songbird’s territory that encompasses its closest neighbors 
(Leonard et al. 2008).  Since data regarding Haemosporidia prevalence was not obtained 
from all nest boxes, this radius needed to be expanded for the purpose of these analyses, 
thus it was doubled.   
These spatial statistical analyses resulted in a Moran’s I Index value, a Z score, and 
a p-value.  The Moran’s I Index determines whether the data are clustered or dispersed, 
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and if no pattern in the data exists, then the data are considered random.  The Z score and 
p-value are then used to assess the significance of the Moran’s I Index.  These sets of 
values were analyzed for both of the thresholds stated above (115 m. and 230 m.).  All 
spatial analyses and interpolations were performed using ArcGIS Version 9.3 (ArcGIS 
v.9.3 ESRI Inc.). 
RESULTS 
 When the ratio of infected birds at each box location was compared between the 
main river and the interior creeks and lagoons (Figure 15), different trends were found at 
all three study areas.  The largest difference between nest box locations was apparent at 
Deep Bottom.  At this study site, an 87.7 + 26.2% (Mean + SD) Haemosporidia prevalence 
was found in birds sampled from boxes within forested, interior creeks (n = 36), while a 
61.9 + 47.2% prevalence was found in birds sampled along the main section (n = 25) of the 
James River.  At Dutch Gap, the opposite trend was found, with birds sampled within the 
interior lagoon having a lower prevalence of 53.1 + 45.1% (n = 37) than those sampled 
along the diverted section of the James River that lies along the perimeter of the study area, 
which had a 69.2 + 48% prevalence (n = 16).  Mean prevalence from birds collected at 
Presquile NWR box locations was 67.2  + 46.8% at boxes within interior creeks and 74.7 + 
38.0% at boxes along the river front.  Upon combining data from all sites, the mean 
prevalence at interior boxes was 68.3 + 43.0% and mean prevalence at river front boxes 
was 69.3 + 43.0%. 
 Because the data did not meet the assumptions required by parametric analyses, the 
Mann-Whitney U test was used to compare the mean ratios of infected birds collected at 
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each box based on their location.  This was done for all data combined, as well as for each 
site separately.  No significant differences in infection rate based on nest location were 
found within any of the sites, nor were any found when all sites were combined (p > 
0.050).  However, the difference in the mean infection ratio of birds captured at the two 
locations at Deep Bottom was most prominent compared to the other sites, although this 
was still not supported statistically (n = 44, Z = -1.858, p = .063; Figure 16). 
 The results from the three interpolations that were performed for the three study 
sites were very different from one another (see Figures 17: Dutch Gap; 19: Deep Bottom; 
and 21: Presquile NWR).  Histograms were generated for each site showing the differences 
in the three interpolations based on the amount of area that was covered by each infection 
category (see Figures 18: Dutch Gap; 20: Deep Bottom; and 22: Presquile NWR).   
The natural neighbor approach predicted the most even spread of different infection 
ratios amongst the five infection categories, with the land area increasing in a fairly linear 
fashion as categories of infection ratios increase.  The IDW interpolation predicted a 
normal distribution, with a large amount of area within the middle category (.47 - .66) and 
smaller amounts of area in the higher and lower infection categories.  This was found 
distinctly in the Dutch Gap (Figure 18) distribution, while in the Deep Bottom (Figure 20) 
and Presquile NWR (Figure 22) distributions, the curve was shifted slightly to the right.  
The results from the interpolations presented using the Kriging techniques were much 
different from the other two techniques.  The Kriging technique indicated that infection 
prevalence defined by a ratio of .5 to .8 encompassed much more area at all study sites 
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than predicted by natural neighbor and IDW interpolations.  Overall, the natural neighbor 
and IDW interpolations were most comparable of the three model types. 
Upon using spatial statistics to assess the likelihood of a bird at a box being 
infected with Haemosporidia based on the infection status of neighboring birds, no 
relationship was found at any of the three sites.  Figure 23 shows all three sites with the 
infection status of Prothonotary Warblers sampled at nest boxes that were visited.  If an 
infected bird was caught at a next box, it was assigned a positive status; otherwise the nest 
box was given a negative status.   
Two Moran’s I statistics were performed to assess patterns in infection distribution 
at each study site.  The first statistic assessed autocorrelation of infection distribution based 
on a smaller radius (115 m.) that encompassed only the nearest local neighbors 
surrounding each box.  At all three sites the Moran’s I Index resulted in a value close to 
zero indicating that the likelihood of infection was random and was not affected by the 
status of infection at neighboring boxes.  Likewise, the absolute value of the Z score was 
very small.  This indicates that there is not a significant association between infection 
presence based on presence at surrounding boxes (within a 115 m. radius) at any of the 
sites (p > 0.100).  All Moran’s I Index values, Z scores, and associated p-values for Dutch 
Gap, Deep Bottom, and Presquile NWR can be viewed in Table 8. 
The second statistic assessed infection distribution based on a radius that doubled 
in size (230 m.), thus factoring in the infection status at boxes that are at a further distance 
as well.  This was necessary due to the scattered, and sometimes sparsely distributed, 
location of the next boxes where tested birds were sampled.  Results from this statistical 
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analysis were consistent with those from the analysis that relied on a smaller threshold 
distance.  Infection presence proved to be randomly distributed, thus no significant 
differences were found in Haemosporidia infection based on nest box location and the 
infection status of surrounding neighbors (p > 0.100; Table 8). 
DISCUSSION 
Overall, Haemosporidia infection status within the Prothonotary Warbler was quite 
high at all three study sites.  However, there does not seem to be any distinct spatial 
patterns in these infection data, possibly with the exception of the finding that there were 
higher ratios of infected birds sampled at boxes within interior creeks at Deep Bottom 
compared to birds sampled along the river front.  This trend was not found at either of the 
other sites though.  Interestingly, Dutch Gap seemed to show the opposite trend, with birds 
sampled from boxes along the river front having higher infection prevalence than birds 
within the interior areas of the site, but this difference was not significant.  Presquile NWR 
showed approximately equal prevalence at the two locations. 
 My hypothesis was that birds captured within interior creek and lagoons would 
have higher incidences of Haemosporidia compared to those capture along the river 
mainstem due to environmental differences between these two habitats.  It is generally 
windier along the river than it is in the protected areas and interior areas have more 
standing water, thus more mosquitoes are likely to be present in these areas.  Since results 
from this study did not support this hypothesis, it is apparent that other factors affect the 
incidence of Haemosporidia in this host population.  Box density and territory size may be 
factors that vary between the river front and interior areas, and these could be different at 
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different locations within a single site.  Creeks tend to be narrow so birds that are within 
boxes across from each other may have more contact with each other and there may be 
differing rates of infection transmission in interior sections due to this.   
Although the habitats of all three sites are similar regarding freshwater tidal flow, 
emergent vegetation, and bottomland forest, there are some distinct differences.  Instead of 
having creeks that are surrounded by denser vegetation, the interior boxes at Dutch Gap are 
located within an open lagoons, composed of open water, emergent vegetation, and 
wooded islands.  Also, the Dominion power company that is located upstream releases hot 
water into the river channel at Dutch Gap.  This causes the water within the channel to be 
warmer compared to the water in the rest of the river, and within the lagoons.  It is possible 
that these warmer temperatures might be ideal for mosquito production (Lafferty 2009). 
 Presquile NWR and Deep Bottom have similar habitat composition, thus similar 
infection prevalence might be expected at these two sites.  Deep Bottom, however, is 
surrounded by more agricultural areas, which have been documented to harbor higher 
abundances of mosquitoes (Liu et al. 2008). 
 Because Haemosporidia is a general taxonomic group, it is possible that their 
presence is ubiquitous across the sites, and spatial patterns may be more apparent if the 
genera of Plasmodium and Haemoproteus were analyzed independently.  The spatial trends 
found by Wood et al. (2007) were governed by lineage distribution, thus the level of 
classification of the organism of interest is likely to have a large effect on results from 
spatial analyses, especially when the geographic extent of the study is as small as it is in 
this study. 
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 Modeling the presence of Haemosporidia in their avian hosts using three different 
interpolation techniques resulted in maps that showed very different predicted disease 
distributions.  The natural neighbor interpolation showed the most even distribution of land 
within the five categories that depict varying ratios of infection prevalence within 
Prothonotary Warblers.  The IDW interpolation was similar to the distribution of the 
natural neighbor models, but the ratios of infection prevalence appear to be more patchy.  
The results from the Kriging interpolation were much different than the first two, with a 
large amount of area showing an infection ratio of about .5 (thus half of the birds caught at 
these locations would likely be infected with Haemosporidia). 
In the Deep Bottom models, all three interpolations are consistent in showing a 
high ratio of infected birds relative to the total number of birds caught in the area around 
Four-Mile Creek (the creek that is located on the north side of the river, just west of the 
agricultural areas that can be seen on the far right-hand side of the maps).  Similarly, the 
three interpolations were fairly consistent in predicting high prevalence in areas of 
Presquile NWR that are closest to the large field that is located in the southwestern portion 
of the island.  The preliminary data presented here indicate that Haemosporidia prevalence 
may be higher in areas within close vicinity to agriculture.  Thus, it may be beneficial to 
sample more avian hosts, as well as arthropod vectors in these areas and test them for 
disease prevalence.  However, a larger dataset with a more uniform distribution of data 
would be needed to further analyze this potential relationship. 
The natural neighbor interpolation for Dutch Gap showed higher infection 
prevalence around the perimeter of the site and lower prevalence where the lagoons and 
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islands are located.  According to the Kriging interpolation, Dutch Gap as a whole is 
predicted to have lower infection prevalence based on the larger areas of land encompassed 
within the lower infection categories.   
For all sites, these models are limited due to the clumped and uneven distribution of 
known data points, due to the territory preference of the warblers and to the set box 
locations.  If the dataset were larger and more evenly distributed, accuracy assessments 
could be performed as a means of identifying how well the interpolations fit the actual 
data.  Then a ‘best-fit’ model could be used for future analyses.  A more extensive survey 
of each site, in addition to the identification and mapping of separate parasite genera will 
provide a clearer understanding of spatial trends in Haemosporidia within this host 
population.  It also may lead to a better understanding of vector activity and abundances.   
Analyses of spatial autocorrelation of Haemosporidia presence resulted in no 
distinct patterns at any of the three study sites.  Incidence of infection was neither 
clustered, nor did it show a pattern of dispersal.  Instead, infection found in birds at each 
nest box location was not related to the infection status of their neighbors at all, thus 
resulting in a random pattern of disease distribution.  Spatial statistics were used to confirm 
that there were no significant differences in spatial autocorrelation of infection presence, 
regardless of the threshold radius that was utilized in the analyses (Table 8). 
It is possible that the incidence of Haemosporidia within a bird depends on a non-
spatial factor, such as the strength of its immune system, which may not be related to its 
spatial location.  This would assume that other variables that determine disease prevalence, 
such as vector transmission also do not vary across the extent of the study area, or at least 
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not significantly enough to affect disease distribution within the host population.  
Regardless of the reason for this random distribution in Haemosporidia occurrence within 
Prothonotary Warblers, it would be interesting to perform the same spatial analyses using 
the incidence of Plasmodium and Haemoproteus within the individuals, rather than just 
incidence of Haemosporidia in general. 
GIS are useful in studies such as these due to the user’s ability to make predictions 
and analyze relationships without spending a lot of time and money in the field.  These 
techniques have been common in the study of human diseases that are distributed by 
vectors, especially those in third-world countries where getting resources and personnel 
into remote locations proves challenging (Srivastava et al. 2009; Rutto and Karuga 2009; 
Hay and Lennon 1999). 
As more specific data regarding the genera, species, and lineages of avian malaria 
parasites in this population of Prothonotary Warblers are obtained, a wide variety of spatial 
analyses can be performed.  If spatial differences in parasite distribution are found, this 
may be an indication of specific patterns in vector diversity and abundance.  This 
information can be utilized by biologists, ecologists, and public health officials to look at 
the distribution of other vector-borne diseases as well, some of which can affect human 
populations. 
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Site
Distance 
Threshold
Moran's I 
Index Z Score p-value
115 m. -0.26 -0.96 p > 0.100
230 m. -0.14 -0.63 p > 0.100
115 m. 0.04 0.22 p > 0.100
230 m. 0.03 0.21 p > 0.100
115 m. -0.04 -0.10 p > 0.100
230 m. -0.05 -0.21 p > 0.100
Dutch Gap
Deep Bottom
Presquile NWR
 
 
Table 8:  Results from statistical analyses of spatial autocorrelation in the distribution of 
Prothonotary Warblers infected with Haemosporidia at nest box locations scattered 
throughout three study areas. 
  91 
 
 
Figure 15:  Infection ratios of Prothonotary Warblers that were screened for 
Haemosporidia at (a) Deep Bottom, (b) Dutch Gap, and (c) Presquile NWR.  Since 
multiple individuals were caught at the same location a ratio was used to symbolize the 
data such that each color represents a proportion of infected birds relative to the total 
number of birds sampled at that location. 
(a) 
(b) 
(c) 
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Figure 16:  Comparisons of the prevalence of Haemosporidia infection from birds caught 
along the main portion of the river (river front) and those caught within interior creeks and 
lagoons that area adjacent to the river (interior).   
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Figure 17:  Interpolations depicting the prevalence of Haemosporidia infection in 
Prothonotary Warblers at Dutch Gap, based on the ratio of infected birds to the total birds 
sampled at nest boxes located in this study site.  Three models were created by an (a) 
Natural Neighbor technique; (b) IDW technique; and (c) Kriging technique. 
(a) 
(b) 
(c) 
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Figure 18:  Comparison of Natural Neighbor, IDW, and Kriging interpolation results for 
the analyses of Haemosporidia infections in Prothonotary Warblers at Dutch Gap. 
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Figure 19:  Interpolations depicting the prevalence of Haemosporidia infection in 
Prothonotary Warblers at Deep Bottom, based on the ratio of infected birds to the total 
birds sampled at nest boxes located in this study site.  Three models were created by an (a) 
Natural Neighbor technique; (b) IDW technique; and (c) Kriging technique. 
(a) 
(b) 
(c) 
  96 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
.00 - .25 .26 - .46 .47 - .66 .67 - .85 .86 - 1.00
A
re
a
 (
S
q
. K
m
.)
Categories of Infection Ratios
Natural Neighbor
IDW
Kriging
 
Figure 20:  Comparison of Natural Neighbor, IDW, and Kriging interpolation results for 
the analyses of Haemosporidia infections in Prothonotary Warblers at Deep Bottom. 
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Figure 21:  Interpolations depicting the prevalence of Haemosporidia infection in 
Prothonotary Warblers at Presquile NWR, based on the ratio of infected birds to the total 
birds sampled at nest boxes located in this study site.  Three models were created by an (a) 
Natural Neighbor technique; (b) IDW technique; and (c) Kriging technique. 
(a) 
(b) 
(c) 
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Figure 22:  Comparison of Natural Neighbor, IDW, and Kriging interpolation results for 
the analyses of Haemosporidia infections in Prothonotary Warblers at Presquile NWR. 
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Figure 23:  Maps showing the Haemosporidia infection status of Prothonotary Warblers 
captured at nest boxes at (a) Dutch Gap, (b) Deep Bottom, and (c) Presquile NWR.  Boxes 
symbolized in green indicate that none of the birds sampled at that location were infected 
with Haemosporidia, while those symbolized in red indicate that at least 1 infected bird 
was sampled at that particular location. 
(a) 
(b) 
(c) 
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CHAPTER 4 
Detection of Flaviviruses in Breeding Prothonotary Warblers 
(Protonotaria citrea) in Central Virginia 
 
INTRODUCTION 
The family Flaviviridae (genus Flavivirus) includes arboviruses that are 
transmitted to vertebrates by infected arthropods, producing disease in humans and 
animals.  West Nile Virus (WNV) and St. Louis Encephalitis virus (SLEV) are among 
these zoonotic pathogens.  Both are transmitted via mosquitoes and can have detrimental 
effects on the health of vertebrate hosts.   
West Nile Virus Background 
West Nile Virus (WNV) first emerged in the western hemisphere in New York City 
in 1999.  By 2006, it had spread across the United States and through much of Canada 
(Kilpatrick et al. 2007), there by initiating a new wave of research involving emerging 
infectious diseases (Rappole and Hubálek 2003).  This virus is transmitted by 
ornithophilous mosquitoes, generally of the Culex genus, but vector competence has been 
identified in Aedes and Ochlerotatus as well (Lord and Day 2001).  In eastern North 
America, C. pipiens and C. restuans are the primary species responsible for transmission 
(Kilpatrick et al. 2005).  However, direct transmission via contact with feces or oral 
secretions has been demonstrated between birds as well (Komar et al. 2003).  Outbreaks 
tend to occur in areas that are well-suited for mosquitoes, including wetlands and urban 
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areas (Rappole and Hubálek 2003).  Humans and equines are dead-end hosts for WNV and 
a 10% mortality rate has been recorded in conjunction with clinical diagnoses of the 
disease (Kilpatrick et al. 2007).   
The effect of WNV on wild bird populations is understudied.  Corvids (crows and 
jays) are among the most affected populations, with crows having a predicted mortality 
rate of 100%.  Other families that encompass susceptible species include Turdidae 
(American Robins and Eastern Bluebirds), Paridae (Chickadee species and the Tufted 
Titmouse), and Troglodytidae (House Wren).  While some species from these four families 
tend to show high susceptibility and population declines (LaDeau et al. 2007), other 
species prove to be relatively resilient to detrimental effects of the disease (Kilpatrick et al. 
2007).  Competent host families include Corvidae (Jay species), Icteridae (Common 
Grackle), Fringillidae (House Finch), Passeridae (House Sparrow), and Laridae (Ring-
billed Gulls; Kilpatrick et al. 2007).  Birds that reside in urban, wetland areas are most 
often exposed to the infection due to the similarity in habitat preference of both the host 
and vector.  Interactions that influence susceptibility, likelihood of exposure, and 
population density all affect the impact that WNV has on bird populations (LaDeau et al. 
2007). 
St. Louis Encephalitis Background 
The first epidemic of St. Louis Encephalitis virus (SLEV) occurred in St. Louis, 
Missouri in 1933, resulting in 201 human deaths.  This virus is transmitted by Culex 
species, including C. pipiens, C. quinquefasciatus, C. nigripalpus and C. tarsalis.  
Outbreaks of this disease are common after long periods of drought that are followed by 
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heavy rains (Day 2001; Shaman et al. 2003).  Like WNV, this virus is transmitted by 
mosquitoes between avian hosts, both of which allow for amplification of the pathogen.  
Unlike WNV, there have been no reports of avian mortality due to SLEV infection.  Of a 
number of species studied, common amplification hosts include Passer domesticus (House 
Sparrow), Carpodacus mexicanus (House Finch), Columba livia (Rock Dove), Zenaida 
macroura (Mourning Dove), Sturnus vulgaris (European Starling), Turdus migratorius 
(American Robin), and Quiscalus quiscula (Common Grackle; Day 2001).  Notably, the 
occurrence and distribution of this pathogen can be affected by acquired-immunity in hosts 
that have had previous exposure to WNV, due to similarities between the viruses (Reisen 
2008).   
The Prothonotary Warbler (Protonotaria citrea) is strongly associated with wetland 
habitats on both its temperate breeding and tropical winter grounds (Petit 1999), placing 
this species in close proximity to mosquito populations for extended periods of its life 
cycle.  Although there have been no reports of WNV or SLEV infection in Prothonotary 
Warblers on the breeding grounds, evidence of antibodies to WNV has been reported in 
one Prothonotary Warbler overwintering in the Caribbean (Dupuis et al. 2005).  
Infection by WNV and SLEV is commonly determined using the VecTest® 
(Medical Analysis Systems Inc., Fremont, CA).  A study performed by Stone et al. (2004) 
found that the VecTest® was extremely accurate, with only 2% of the processed samples 
showing false-positive results (as determined by Reverse Transcriptase PCR; RT-PCR).  
However, Padgett et al. (2006) found that the specificity of this particular test differs 
among avian host species, thus to confirm VecTest® results, the samples should also be 
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assayed using RT-PCR.  Thus, in this study we used both methods to determine the 
prevalence of these viral pathogens in this population of Prothonotary Warblers. 
Objectives 
 The goal of this study was to determine the presence of West Nile and St. Louis 
Encephalitis viruses in adult Prothonotary Warblers (Protonotaria citrea) during the 
breeding season based on the presence of the viral antigens in the host blood serum. 
METHODS 
Adult Prothonotary Warblers were collected from Dutch Gap, Deep Bottom, and 
Presquile NWR, as described in the ‘Field Methods’ section in Chapter 1.  The samples of 
whole blood that were collected and stored on ice were then centrifuged in the lab to 
separate the pellet from the serum.  The serum was then transferred to a separate PCR tube 
and both pellets and sera were stored at -80.0 ºC.   
For this analysis, 50 samples were chosen for screening based on the volume of 
available sera.  These 50 samples were collected from 48 individual Prothonotary Warblers 
between 11 May and 23 June 2008.   
The VecTest® (Medical Analysis Systems Inc., Fremont, CA) was first used to 
assay the presence or absence of the WNV and SLEV antigens.  This test contains strips 
that have an antigen-binding site that changes color when the specific antigen of interest 
comes into contact with it.  Upon completing the VecTest®, positive results were 
confirmed using Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR).   
In preparation for RT-PCR, the viral RNA was isolated using the PureLink Viral 
RNA/DNA Mini Kit® (Invitrogen Corporation, Carlsbad, CA).  Following this procedure, 
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the purified RNA were converted to cDNA, using the iScript cDNA Synthesis® kit (Bio-
Rad Laboratories, Inc., Hercules, CA).   
The RT-PCR amplification of WNV nucleic acid sequences utilized primers and 
conditions described by Dr. Mark Jensen at University of Georgia (M. Jenson, pers. 
comm.).  Two sets of primers were used to amplify env gene sequences coding for the 
WNV envelope protein.  The sequences of these primers are as follows:  TX2L1667 
(5’TGT-TGT-CCT-GAT-TGG-ACT-GAA-3’) and TX2R699 (5’ATA-CCT-GAC-GTA-
GAC-TGC-TGA-CTT-T-3’) (first set), and TX2L1060 (5’ACT-ATC-ATG-TCT-AAG-
GAC-AAG-CCT-A-3’) and TX2R1692 (5’ AAA-CTC-CAT-TAA-CGT-CTC-TCT-GTT-
3’) (second set).  The amplification conditions for the first set of primers were:  94 oC for 4 
min., 60 oC for 30 sec., and 68 oC for 50 sec. for 30 cycles.  Those for the second set of 
primers were:  94 oC for 4 min., 55 oC for 30 sec., and 68 oC for 50 sec. for 30 cycles. 
To amplify viral nucleic acid from samples that tested positive for SLEV, methods 
from Hull et al. (2008) and Fulop et al. (1993) were used.  The primer set that was used 
included SLE-NS5-F1 (5’-GGT GGT TCG GGA GCC CTT-3’) and SLE-NS5-R2 (5’CAC 
GCC TTT TGG CCA ACA A-3’).  The conditions used to amplify the viral nucleic acid 
were as follows:  94 oC for 4 min., 40 oC for 2 min., 72 oC for 3 min., then 5 cycles at 95 oC 
for 1 min., 40 oC for 2 min., and 72 oC for 3 min., then 95 oC for 1 min., 45 oC for 3 min., 
and 72 oC for 3 min. for 30 cycles, and lastly 95 oC for 1.5 min., 45 oC for 2 min., and 72 
oC for 10 min.  Upon using gel electrophoresis to separate the amplified DNA, the 
presence of a product of approximately 960 base pairs in length confirmed the presence of 
the virus.   
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RESULTS 
A total of 48 birds, 26 males and 22 females, were screened for WNV and SLEV.  
Of the 48 birds, 36 were After Second Year (ASY), 13 were Second Year (SY) and the age 
of one was indistinguishable, thus it was categorized as an After Hatch Year (AHY).  The 
VecTest® assay detected evidence of WNV antigen in 22 of the birds tested.  Evidence of 
SLEV was detected in 3 of the birds tested (Table 9).  Upon conducting RT-PCR on these 
22 samples, 18 (81.8%) were confirmed to be positive for WNV.  For SLEV, all 3 (100%) 
were confirmed to be positive.  Thus, the VecTest® had an 81.8% accuracy rate for 
detection of WNV in Prothonotary Warblers and an accuracy rate of 100% for detection of 
SLEV (Table 8).   
Overall, 18 (36%) of 50 serum specimens from the Prothonotary Warblers 
collected from the months of April 2008 to June 2008 tested positive for WNV and 3 (6%) 
of 50 tested positive for SLEV.  These results were obtained by D.C. Ghislaine Mayer et 
al. during the summer of 2008. 
Upon removing the duplicate samples, WNV prevalence was identified in 37.5% of 
the 48 birds that were tested.  Of these 48 birds, 45.5% (n = 22) of the females and 30.8% 
(n = 26) of the males were infected with WNV (Table 10) but, upon conducting a Fisher’s 
Exact test, the females did not have a significantly higher infection prevalence (p > 0.050).  
Younger (SY) individuals had a slightly higher prevalence than older (ASY) individuals, 
46.2% (n = 13) and 35.3% (n = 34), respectively, but this difference was, again, not 
significant (p > 0.050; Table 10). 
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Of the 48 birds, three tested positive for SLEV indicating a 6.3% prevalence in this 
sampled population.  All three of these individuals were ASY females. 
Interestingly, we observed a disparity in prevalence between the three breeding 
sites.  At Deep Bottom, we observed 60% prevalence of WNV and 10% prevalence of 
SLEV infection (n = 10).  At Presquile NWR, there was 35.7% prevalence of WNV and 
7.1% prevalence of SLEV infection (n = 28).  Dutch Gap had the lowest prevalence, with 
20% of the birds testing positive for WNV, while SLEV was not detected in any of them (n 
= 10; Table 11).  Due to the uneven distribution of tested birds across the three sites, 
statistical analysis of these results were unreliable; however, a preliminary Pearson’s Chi 
Square analysis indicated that the differences in prevalence across the three study sites are 
not significantly different (p > 0.050). 
DISCUSSION 
This study is the first to document WNV and SLEV in Prothonotary Warblers on 
their breeding grounds.  Overall, 37.5 % of the tested Prothonotary Warblers were infected 
with WNV and 6.3% were infected with SLEV.  Although the high number of WNV-
positive individuals in this population was surprising, the ability of the Prothonotary 
Warbler to act as a competent host is undetermined, as the period of acute viremia and the 
severity of infection in this species has not been studied.  In order to assess this, the 
quantity and duration of active infections must be determined. 
Infection prevalence in a population depends on both vector and host densities, as 
well as effectiveness of the host to amplify the pathogen and transmission rates of the 
vector.  Taking these factors into consideration, the high density of nest boxes at the study 
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sites might contribute to the high infection prevalence observed in this population.  
Although WNV-infected mosquitoes are common in the Richmond area; the peak in 
mosquito abundance generally falls later in the summer (June to July; Martin, J.C., 
VMCA, Henrico County).  Thus, some of the infected birds found here were exposed to 
the infection independent of the seasonal peaks in local vector abundances.   
Although studies of Flaviviruses in Neotropical migrants are not common in the 
literature, LaDeau et al. (2008) discussed the occurrence of WNV in Catharus ustulatus 
(Swainson’s Thrush), Hylocichla mustelina (Wood Thrush), Dumetella carolinensis (Gray 
Catbird), and Charadrius vociferus (Killdeer).  All of these species have populations that 
migrate between North America and Central America, but it appears that these species are 
not highly competent hosts for the infection.  Additionally, the United States Geological 
Survey (USGS, Reston, VA) has compiled a list of avian species that have been infected 
with WNV that includes a variety of Parulidae hosts.  A few of these include Dendroica 
caerulescens (Black-throated-blue Warbler), Dendroica coronate (Yellow-rumped 
Warbler), Dendroica discolor (Prairie Warbler), Dendroica dominica (Yellow-throated 
Warbler), and Geothlypis trichas (Common Yellowthroat). 
The occurrence of SLEV is not as well documented in wild birds.  One reason for 
this is that viremia of infected hosts is very short-lived, thus allowing for only a small 
window of time in which presence of the virus can be detected (~6 days; Day 2001).  This 
could also explain the relatively low prevalence of this disease in this population of 
Prothonotary Warblers.  Alternatively, the occurrence of SLEV may be more sporadic and 
unpredictable compared to WNV.   
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Continuation of this study is critical in order to gain a better understanding of the 
roles that migratory birds play in the spread of zoonotic diseases.  Effort should be taken to 
measure the intensity and duration of viremia in the Prothonotary Warbler to assess its 
ability to amplify Flaviviruses and transmit them to local vectors.  HY birds should be 
tested for these viruses as well to confirm the occurrence of breeding ground transmission.  
Additionally, genetic analysis of the virus(es) found in these birds can be compared to 
other documented strains so as to identify the geographic location where these hosts were 
exposed to the virus(es). 
Additionally, it would be beneficial to screen for other Flaviviruses such as Eastern 
Equine Encephalitis (EEE), as this virus is similar to SLEV but is known to cause higher 
mortality in avian hosts (Day 2001).  It also may be more common than SLEV.  A study in 
Mississippi by Cupp et al. (2004) sampled and screened mosquitoes from wetland areas for 
Flaviviruses and found SLEV in mosquitoes only during one year but found EEE during 
three of the five years that the study took place. 
Assessing the prevalence of Flaviviruses in avian hosts is especially important from 
a conservation perspective since there have been recent outbreaks of pathogens that have 
caused severe declines in naïve populations that have previously never been exposed to 
them (Freed et al. 2005).  Additionally, information regarding the incidence of zoonotic 
disease is important to public health agencies that work to monitor harmful pathogens.  
Results from studies such as this one can target areas that may be ‘hot-spots’ for the 
infections and can influence funding for vector-control policies and disease monitoring.
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Table 9:  Prevalence of West Nile Virus (WNV) and St. Louis Encephalitis (SLEV) in 48 
Prothonotary Warblers as determined by RT-PCR and the results from the VecTest accuracy 
assessment. 
 
  RT-PCR Results VecTest Accuracy 
# Birds Tested WNV SLEV True Positive (%) False Positive (%) 
48 18 3 18 (81.8) WNV 4 (18.2) WNV 
      3 (100) SLEV 0 (SLEV) 
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Table 10:  Differences in prevalence of West Nile Virus (WNV) between sexes and age classes 
of 48 Prothonotary Warblers collected in central Virginia. 
 
  Sex Age Class 
  Males Females ASY SY AHY 
# Positive Samples 8 10 12 6 0 
Total Samples 26 22 34 13 1 
WNV Prevalence 30.8% 45.5% 35.3% 46.2% 0.0% 
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Table 11:  Summary of Prothonotary Warblers that were tested for West Nile Virus (WNV) 
from three sites along the James River in central Virginia, as well as the number of individuals 
that were positive for the virus, and the resulting prevalence of WNV at each site. 
 
  Deep Bottom Dutch Gap Presquile NWR 
# Positive Samples 6 2 10 
Sample Size 10 10 28 
WNV Prevalence 60.0% 20.0% 35.7% 
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Appendix III:  Lineages and GenBank accession numbers of all parasite data used to generate 
the strict phylogenetic tree shown in Figure 14. 
 
GenBank Accession Number Lineage Name 
Closely Matched Plasmodium Sequences 
DQ241530.1 Plasmodium sp. B23 
EU328168.1 Plasmodium sp. P01 
EU328172.1 Plasmodium sp. P06-A 
EU328171.1 Plasmodium sp. P06-B 
EU627827.1 Plasmodium sp. BAOW1687-12795 
DQ838988.1 Plasmodium sp. P1 isolate P1.2 
DQ356304.1 Plasmodium sp. KS-2006-2 
AY377128.1 Plasmodium cathemerium 
AF465553.1 Plasmodium sp. haplotype 53 
AF465554.1 Plasmodium sp. haplotype 54 
AF465555.1 Plasmodium sp. haplotype 55 
EU627845.1 Plasmodium sp. BROWBO48 
Distantly Related Plasmodium Sequences 
AY714196.1 Plasmodium sp. AP63 
EF552403.1 Plasmodium sp. LaC1 
EU810661.1 Plasmodium sp. WA6 isolate 2 
EF153640.1 Plasmodium sp. ChP3 
DQ659539.1 Plasmodium sp. P2 
DQ241513.1 Plasmodium sp. U6 
DQ991070.1 Plasmodium sp. pBLUTI4 
AY714195.1 Plasmodium sp. AP62 
EU810634.1 Plasmodium sp. WA19 isolate 1 
DQ368393.1 Plasmodium sp. SYBOR5 
NC_008288.1 Plasmodium gallinaceum 
NC_012426.1 Plasmodium relictum 
Plasmodium spp. from non-avian hosts 
AY099058.1 Plasmodium azurophilum 
AY099061.1 Plasmodium chiricahuae 
NC_009960.2 Plasmodium mexicanum 
AF069624.1 Plasmodium malariae 
Outgroups – Other Haemosporidia 
AF254977.1 Haemoproteus majoris 
EU254558.1 Haemoproteus fringillae haplotype 169 
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